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ABSTRACT 
Distributed Energy Resources (DER) are small-scale power generation and storage 
technologies, (typically in the range of a few kWe to tens of kWe) located close to the 
customer side. They are right now under heavy development and have a great market 
potential in the near future. However, these sources are usually deployed in way of “fit 
and forget” which to a great extent confines their value and presents challenges in rela-
tion to: 
 Optimized DER operation related to time varying onsite demand requirements, 
ambient conditions and electricity prices, etc. 
 Coordinated control of many small units in the electric power system 
 Efficient electricity market participation to benefit both power system operation 
and DER owners 
 
To address these issues, an innovative concept Virtual Power Plant (VPP) is investi-
gated in this PhD study. Based on a comprehensive overview of the state of the art of 
VPP, the Market-Based VPP (MBVPP) concept is proposed. The function-based 
MBVPP provides a generic and flexible solution for the DER integration by connecting 
the DER to the bulk power system operation via market participation.  
 
Two schemes for managing the DER generation and trading portfolios, direct control 
and price signal control have been discussed and simulated. Due to their prevalence and 
controllability, the µCHP systems are modeled to represent the general DER technology 
in the corresponding studies. For the direct controlled VPP, all the µCHP units are op-
timally controlled by the VPP operator based on forecasted market and demand infor-
mation. For the proposed price signal scheme, an Artificial Neural Network (ANN) is 
developed to characterize and estimate the price responsiveness of a µCHP group. It is 
found that although the prognosis result is relatively good, the price signal controlled 
scheme is still challenged by many uncertainties which reside in the nature of price sig-
nal control such as jumpy response.  
 
To demonstrate the feasibility of the VPP, a prototyped VPP with two Dachs µCHP 
systems is set up in the laboratory as a proof of concept. It has shown that, on the pre-
mise of an advanced Information and Communication Technology (ICT) infrastructure, 
the VPP represents a feasible solution to be implemented.  
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RESUMÉ 
Med Distribueret Energi Resurser (DER) refereres til små skala el-kraftproduktion (ty-
pisk i størrelsesordenen få kWel op til tocifret kWel) som er placeret tæt på forbruger-
side. Området er inde i en rivende udvikling og udgør et stort markedspotentiale i den 
nære fremtid. Enhederne udrulles oftest efter devisen ”tilslut og glem (dem) så”, hvilket 
i høj grad begrænser enhedernes værdi og medvirker til at øge udfordringerne i forhold 
til:  
• Optimal drift af DER enheden i forhold til varierende lokalt forbrug, de klimatiske 
rammebetingelser og prisen på elektricitet 
• Koordineret styring af mange små enheder i det elektriske net/system 
• Effektiv markedsintegration af enhederne med deraf fordel for både DER ejer og 
system operatørerne 
 
For at adressere nævnte problemstillinger afdækkes konceptet ”et virtuelt kraftværk” 
(Virtual Power Plant = VPP) i dette PhD studie. Baseret på en grundig gennemgang 
af ”state-of-the-art”, foreslås det innovative koncept: ”Markedsbaseret VPP” (MBVPP). 
Dette funktionsbaserede MBVPP tilbyder, via en markedsintegration, en gene-
risk/naturlig og fleksibel integration af DER enhederne i driften af det overordnede 
elektriske system. 
 
To metoder til at styre DER enhedernes produktions- og markedsporteføljer er behand-
let og simuleret, dels den direkte styring og dels en prisebaseret styring. På grund-
mikrokraftvarmeenhedernes (µCHP) udbredelse, tekniske mangfoldighed samt deres 
styrbarhed, er denne type enhed valgt som model DER i dette studie. For et direkte sty-
ret VPP, bliver alle µCHP enhederne styret optimalt af VPP kontrolleren på grundlag af 
markeds forudsigelser og forventet efterspørgsel. For tilfældet med prisbaseret styring 
er der udviklet et kunstigt neuralt netværk (ANN), for dels at karakterisere, dels estime-
re prisfølsomheden af en gruppe af µCHP’er. Det har vist sig at selvom prognoserne er 
forholdsvis sikre, udgør prisstyringens usikre natur stadigvæk en udfordring, såsom 
f.eks. et trinrespons. 
 
For at demonstrere brugbarheden af VPP, er et prototype VPP opbygget i laboratoriet 
med to µCHP som en slags ”proof of concept”. Det har vist sig at under forudsætningen 
Resumé 
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af at en avanceret ICT infrastruktur er til rådighed, da er muligt at implementere et VPP 
uden synderlige tekniske barrierer. 
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ACRONYMS AND ABBREVIATIONS 
AD Active Demand EMS Energy Management System 
ADSL Asymmetric Digital Subscriber  
Line 
EU European Union 
FB Fenix Box 
AMI Advanced Meter Infrastructure FC Fuel Cell 
AMR Automated Meter Reading FENIX Flexible Electricity Network to  
ANN Artificial Neural Network Integrate the Expected Energy 
BP Backpropagation Solution Project 
CCS Central Control System GAMS  General Algebraic Modeling 
CET Central for Electric Technology  System 
CHP Combined Heat and Power P- GPRS General Packet Radio Service 
lant GSM Global System for Mobile Com- 
CPP Critical Peak Pricing munications 
CVPP Commercial Virtual Power Plant GUI Graphical User Interface 
DEMS Distributed Energy Manageme- 
nt System 
HAN Home Area Network 
HEMS Home Energy Management Sys- 
DER Distributed Energy Resources tem 
DMS Distribution Management Syste-
m 
HHV Higher Heating Value 
HVAC Heating, Ventilation and Air Con- 
DR Demand Response ditioning 
DG Distributed Generation ICE Internal Combustion Engine 
DSO Distribution System Operator ICT Information and communication 
Technology ECN Energy Research Centre of the 
Netherlands IEC International Electrotechnical C- 
ommission EES Electric Energy Storage 
ISO Independent System Operator TOU Time of Use 
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L/A Lead-acid TSO Transmission System Operator 
LHV Lower Heating Value TVPP Technical Virtual Power Plant 
LMP Locational Marginal Price UCTE Union for the Coordination of the 
Transmission System LSVPP Large Scale Virtual Power Plant 
MAPE Mean Absolute Percentage Er- UI Unscheduled Interchange 
 ror UK United Kingdom 
MBVPP Market-based Virtual Power Pl- URL Uniform Resource Locator 
 ant UTMS Universal Mobile Telecommuni- 
MIP Mixed Integer Programming  cation System 
MMS Manufacturing Message Speci- 
fication 
VFCPP Virtual Fuel Cell Power Plant 
VPN Virtual Private Network 
MPC Model Predictive Control VPP Virtual Power Plant 
MSE Mean Square Error VU Virtual Utility 
Na-S Sodium-sulfur WADE World Survey of Decentralized E- 
Ni-MH Nickel-metal hydride  nergy 
 NG Natural Gas   
PEMFC Proton Exchange Membrane F- 
uel Cell 
  
  
PLC Power Line Carrier   
PV Photovoltaic   
REST Representational Sate Transfer  
Service   
RRC Radio Ripple Control   
RTP Real-time Pricing   
RTU Remote Terminal Unit   
SCADA Supervisor Control and Data A- 
cquisition 
  
  
SOA Service Oriented Architecture   
SOFC Solid Oxide Fuel Cell 
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SYMBOLS 
Symbol Unit Definition 
݄௖௛௣,௜ሺݐሻ kWh Heat produced by µCHP unit i during time interval t 
݄௖௛௣௠௜௡,௜  kW Minimum heat output of µCHP unit i 
݄௖௛௣௠௔௫,௜  kW Maximum heat output of µCHP unit i 
݄௕,௜ሺݐሻ kWh Heat produced by boiler i during time interval t 
݄௙,௜ሺݐሻ kWh Heat flowed out of the heat tank i during interval t 
݄ௗ,௜ሺݐሻ kWh Heat demand of household i during time interval t 
݄௦,௜ሺݐሻ kWh Initial heat stored in the heat tank i during interval t 
݄௦௠௔௫,௜  kWh Maximum storage capacity of heat tank i 
݄௦௠௜௡,௜  kWh Minimum storage capacity of heat tank i 
݁௖௛௣,௜ሺݐሻ kWh Electricity produced by µCHP unit i during interval t 
݁௖௛௣௠௜௡,௜  kW Minimum electricity output of µCHP unit i 
݁௖௛௣௠௔௫,௜  kW Maximum electricity output of µCHP unit i 
݁ௗ,௜ሺݐሻ kWh Electricity demand of household i during time interval t 
௚݁௥௜ௗ,௜ሺݐሻ kWh Electricity exchanged with the external grid of household i dur-
ing time interval t 
݁௜௠,௜ሺݐሻ kWh Electricity imported from the grid of household i during time 
interval t 
݁௘௫,௜ሺݐሻ kWh Electricity exported from the grid of household i during time 
interval t 
௖݂௛௣,௜ሺݐሻ kWh Fuel input of µCHP unit i during time interval t 
௖݂௛௣௠௜௡,௜  kW Minimum fuel input of µCHP unit i 
௖݂௛௣௠௔௫,௜  kW Maximum fuel input of µCHP unit i 
௕݂,௜ሺݐሻ kWh Fuel input of boiler unit i during time interval t  
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௕݂௠௜௡,௜  kW Minimum fuel input of boiler unit i 
௕݂௠௔௫,,௜  kW Maximum fuel input of µCHP unit i 
݋௜ሺݐሻ / Binary variable indicating the on (1)/off (0) status of µCHP unit 
i 
ܽଵ,௜, ܾଵ,௜, ܽଶ,௜, ܾଶ,௜ 
 
/ Parameters describing the generation characteristics of µCHP 
unit i 
ߟ௖௛௣,௜  / Overall energy efficiency of µCHP unit i  
ߟ௖௛௣௘௟,௜ / Electrical efficiency of µCHP unit i 
ߟ௖௛௣௧௛,௜ / Thermal efficiency of µCHP unit i 
T / Total number of time intervals considered in one optimization 
∆ݐ hour Time length one simulated time interval 
ܿ݋ݏݐ௜ሺݐሻ DKK System cost for household i during time interval t 
ߨ௙ሺݐሻ DKK/kWh Fuel price during time interval t 
ߨ௜௠ሺݐሻ DKK/kWh Electricity import price during time interval t 
ߨ௘௫ሺݐሻ DKK/kWh Electricity export price during time interval t 
ܿ݋ݏݐ௩௣௣ሺݐሻ DKK System cost for VPP during time interval t 
ܿ݋ݏݐԢ௩௣௣ሺݐሻ DKK System cost for VPP after redispatch during time interval t 
ߨ௘ሺݐሻ DKK/kWh Electricity price posted by VPP  
݁௩௣௣ሺݐሻ kWh Electricity exchanged with grid of VPP during time interval t 
݁ᇱ௩௣௣ሺݐሻ kWh Electricity exchanged with grid of VPP after redispatch during 
time interval t 
ߨ௘,௨௣ሺݐሻ DKK/kWh Balancing price for up regulation during time interval t 
ߨ௘,ௗ௢௪௡ሺݐሻ DKK/kWh Balancing price for down regulation during time interval t  
݄݁ܿ݌,݅Ԣሺݐሻ kWh Electricity produced by µCHP unit i after redispatched  
௩݂௣௣ሺݐሻ kWh The fuel consumption of VPP during time interval t 
݂ᇱ௩௣௣ሺݐሻ kWh The fuel consumption of VPP after redispatch during time in-
terval t 
∆ܲሺݐሻ kWh Internal unbalance during time interval t 
∆ܲᇱሺݐሻ kWh Real unbalance between the scheduled exchange and the real 
exchange during time interval t 
݄ௗ,௩௣௣ሺݐሻ kWh Total heat demand of VPP during time interval t 
݁ௗ,௩௣௣ሺݐሻ kWh Total electricity demand of VPP during time interval t  
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ݑሺݐሻ / Four-element input vectors of NN  
ݕሺݐሻ / Single-element output vector of NN (real target values) 
ݕᇱ / Single-element output vector of NN (estimated values) 
݇ / Number of time delays  
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1 INTRODUCTION 
The origin of the terminology “Virtual Power Plant (VPP)” can be traced back to 1997, 
when Doctor Shimon Awerbuch, in his book “The Virtual Utility: Accounting, Tech-
nology& Competitive aspects of the Emerging Industry”, defined the Virtual Utility as: 
 
 
 
 
 
    
 
Just like the VU which aims to take advantage of the emerging technologies and provide 
customer-oriented energy service, the idea of VPP is to aggregate different types of Dis-
tributed Energy Resources (DER) through an advanced ICT infrastructure for the better 
use of those available resources. With properly designed aggregation methods, potential 
benefits could be easily achieved. These benefits can be: 
 
 Offering considerable saving for primary energy and reduction in the emission 
of pollutants.  
 Reducing the energy losses during electricity transmission and distribution, re-
sulting in additional energy saving.  
 Facilitating the integration of intermittent generation technologies based on re-
newable energy resources like wind power or Photovoltaic (PV), etc. by stabi-
lizing the stochastic power output 
 Enabling the delay of investment on enforcing the electrical infrastructure as 
implementing the VPP requires relatively little modification to existing infra-
structure. 
 Providing value-added services like ancillary services to power system opera-
tion through centralized/coordinated control strategies to both maintain the re-
liability, security and to increase the flexibility of electricity supply. 
 Increasing the participation of the end users in both electricity market transac-
tions and power system operations with more degrees of freedom. 
 Representing a wide range of options towards a future smart grid. 
 
In this PhD thesis, the study on the innovative idea “VPP” is presented.  
The Virtual Utility (VU) is a flexible collaboration of indepen-
dent, market-driven entities that provide efficient energy ser-
vice demanded by consumers without necessarily owning the 
corresponding assets. 
Introduction 
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1.1 Background 
Traditional power grids are predominately based on large central power stations which 
are connected to high voltage transmission systems and then supply the power to the 
end users through medium and low voltage distribution systems. Such an overall picture 
with one direction of power flow has not been changed for decades and has presented 
the following characteristics: 
 Relatively low energy efficiency: almost 60 percent of the primary energy is 
wasted in the form of heat during generation, transmission and distribution [a1] 
 Very high emission level: fossil-fuel power plants meet most of the electricity 
demand and are responsible for a large fraction of carbon dioxide emissions 
worldwide [w1] 
 Generation located in rather concentrated area: this requires a relatively high 
redundancy level in order to maintain the security supply. 
 Passive distribution network: the resources like active demand and backup ge-
nerators connected to the distribution network hardly contribute to system op-
eration. 
 
Recently, a great amount of Distributed Generations (DGs) have been emerging in the 
power system to complement the previous way of power supply. First of all, as they are 
placed closer to the end users, the overall energy loss through the transmission system is 
considerably reduced. Secondly, the deployment of DG normally defers the need for 
grid renewal. Thirdly, they could also increase the grid reliability and power quality 
[a3][b1]. Besides, the climate concern and the primary energy depletion are another two 
driving factors behind the fast growth of DG [a2].  Since many DG units are either dri-
ven by renewable resources like wind or having much higher energy efficiencies like 
Combined Heat and Power plants (CHPs), it is commonly agreed that the growth of DG 
penetration will make a significant contribution to sustainable development. Figure 1-1 
from the World Survey of Decentralized Energy (WADE 2006) [r1], illustrates the pe-
netration level of DG for various countries in 2006, wherein Denmark took the leading 
position due to a vast amount of CHPs and wind power plants which had been conti-
nuously deployed since early nineties.  
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Figure 1-1: Proportion of electricity from distributed generation (WADE 2006) 
 
Today, the trend for developing DG technologies is continuing and the sizes for many 
DG units turn to be much smaller, which makes them suitable for either residential use 
or small commercial applications.  Together with small-scale active demand and energy 
storage technologies, these DG technologies are referred as Distributed Energy Re-
sources (DER) (typically less than 250 kW [a56][r2]) in order to distinguish them from 
other DG technologies with bigger size (from hundreds of kW to hundreds of MW). 
Although many DER technologies, e.g. micro-CHP (µCHP), solar panels and Electric 
Vehicles (EV), are still quite expensive for most consumers, the wide spread use of the 
DER have already been observed due to the governmental policy support and technolo-
gy innovations. In Japan, over 90,000 fuel cell based µCHP units were already deployed 
in 2009 with a very strong incentive, and half of the cost for the µCHP unit was covered 
by the government on each purchase [a5]. While in Germany, new CHP act 2008 focus-
es on new installations being brought into operation by the end of 2014 [b2]. For CHP 
unit rated less than 50kWe, the CHP owner receives 5.11 eurocents per kWh regardless 
of whether the power is produced for his own use or for public consumption. Moreover, 
fuel used by µCHP systems is exempt from the energy tax indefinitely [w2].   
 
Despite there are tremendous benefits brought by the DER, many challenges arise along 
with the ever-increasing number of deployed units. For example, the power flow may 
reverse as the generation capacity of one area with a number of DER exceeds the local 
demand. Such reverse power flow not only challenges the conventional protection 
schemes, but also can result in network congestions. In addition to the technical con-
cerns, the current “fit and forget” operation schemes together with the capacity barriers 
of the current electricity markets further impede the activeness of the DER in power 
system operation. To tackle these issues, updating the current electrical and ICT infra-
Introduction 
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structure and calling for well designed integration strategies are both required. To de-
velop the corresponding solutions, integrated approaches, covering technical, commer-
cial and regulatory factors should be taken into account [a4]. Criteria for such design 
must be set to maximize the benefits brought by the DER without jeopardizing the secu-
rity and reliability of power supply and affecting the profits of other parties. Conse-
quently, the DER should play an active role in the grid operation and energy supply.  
 
It is interesting to note that, Microgrid and VPP, among many innovative paradigms in 
facilitating the integration of the DER, are two of the attractive conceptual solutions 
which provide coordination and aggregation for the DER. The Microgrid, defined by 
[a56][r3], is constituted by the DER and multiple electrical loads. It can operate as a 
single autonomous grid, which is connected to or “islanded” from the existing utility 
power grid. While the VPP, without a firm definition yet, represents an “Internet of 
Energy” developed on the basis of advanced ICT. Therefore the geographically allo-
cated DER can be coordinated together to maximize their values for both the end-users 
and the power system operators.  Literally, a Microgrid manages both the generation 
assets, demand side and network assets inside it, while a VPP is only in charge of the 
generation assets. However, since both concepts have one common critical feature: the 
ability to aggregate the DER on the distribution level, a VPP could also be seen as a 
cluster of Microgrids. In turn, a Microgrid could also include some VPP-like entities 
running under its pre-defined operation schemes.       
1.2 Research objective of the VPP Project 
This three-year PhD research project “Developing Virtual Power Plant for Optimized 
DER Operation and Integration” was initiated by CET at the DTU in collaboration with 
the µCHP system manufacturers EC Power A/S, Danfoss (now Dantherm) and one of 
the largest Danish utility companies SYD Energi.  
 
This research project deals with the active participation of the DER, mainly µCHP sys-
tems, in the electricity infrastructure through a VPP like framework. The objective is to 
provide a solution that facilitates the exploitation of the potential benefits of the DER 
based on a generic VPP concept. 
 
To reach this objective, following research concerns have been studied within the 
project. 
1. What is the VPP and what is the state of the art of VPP? 
Although it is now over a decade since the VPP became a significant and topical 
phenomenon in power systems, there is as yet no universal agreement on the de-
finition of VPP. This is particularly due to the diversity of the aggregation me-
thods, the DER technologies and the needs of the developers.  
Introduction 
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To answer this question, the previous and ongoing VPP studies have been inten-
sively reviewed in Chapter 2, which also describes the fundamental components 
of the VPP. 
 
2. How to develop a generic VPP concept which benefits all parties? 
Due to the variety of the VPP design, a generic VPP solution needs to be devel-
oped to provide the optimized operation and seamless integration of the DER, 
regardless of their types. Moreover, shareholders like VPP operators and power 
system operators should also benefit from this aggregated operation.  
 
In this thesis, the market-based operation is considered as the generic objective 
for the VPP operation since almost all human involved activities today related to 
power system operation are market driven. To elaborate the current market envi-
ronment, the Nordic power market is introduced in Chapter 3, following which a 
market-based design of the VPP is presented.  To further increase the flexibility, 
such design possesses comprehensive functionalities that can be easily removed 
or added under different conditions. 
 
3. How can the VPP efficiently control/coordinate the operation of the DER? 
The generality introduced by market-based design establishes the essential lin-
kage between the DER operation and the power system operation. However, 
there are still many choices on how to control/coordinate the operation of the 
DER from centralized control structures to decentralized control structures.     
 
The emphasis regarding the control schemes is put on the direct control scheme 
and price signal control scheme in Chapter 4 and Chapter 5, respectively.  
 
4. How to implement and test the proposed market-based VPP concept in a real life? 
Although there are various ways mentioned in literature on implementing the 
VPP in a real life, it is still a very challenging task to implement and test this 
pioneering concept.  
 
To demonstrate the feasibility of the proposed VPP concept and its functionali-
ties, an experimental setup at CET was built. The IEC 61850 standard, and espe-
cially its data model, was used for the communication between DER and VPP. 
In Chapter 6, the ongoing setup is depicted. 
 
1.3 Outline and contributions 
This thesis comprises 7 chapters.  
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Chapter 2, State of the Art of VPP, starts with an overview of different DER technolo-
gies which are the basic components of any VPP. Afterwards, recent technologies, such 
as the smart metering and the Home Energy Management Systems (HEMSs), which 
further facilitate the active involvement of DER in the electricity market transactions, 
power system operations and the VPP-like framework, are briefly explained. Further-
more, the state of the art of VPP technologies is presented. Even though the core of the 
VPP concept can be summarized by a single word “aggregation”, a variety of designs of 
the VPP do exist. Finally, a variety of designs of the VPP are classified into different 
categories to better understand the essence of the VPP. 
 
Chapter 3, Developing Market-based VPP, describes the market-based design of the 
VPP. This is considered as the generic way of developing a VPP. Firstly, the Nordic 
power market is introduced as the ambient for the market-based operation scheme. Se-
condly, the system architecture for a market-based VPP is designed to illustrate the in-
ternal configuration of the VPP, the interaction with external parties as well as the oper-
ational principles and procedures. Thirdly, different control strategies for market-based 
VPP operations are described and compared. In the end, a flexible function-based de-
sign for the market-based VPP is presented. 
 
Chapter 4, Direct Controlled VPP, introduces the optimized operation scheme for a 
direct controlled VPP under present regulated market conditions. First of all, the decen-
tralized operation of the prosumers with least-cost controlled µCHP systems is modeled, 
which provides a reference for the proposed VPP scheme. Subsequently, one µCHP 
systems constituted VPP, which intends to optimize its generation and trading portfo-
lios, is modeled, simulated and analyzed. 
 
Chapter 5, Price Signal Controlled VPP, proposes to use the price signals to coordinate 
the DER operation. The theory of price signal control for different resources is intro-
duced at the beginning of this chapter. Afterwards, the operation scheme for a price sig-
nal controlled VPP is introduced with much more streamlined function requirements. To 
illustrate the proposed idea, a 100 prosumers constituted VPP is simulated. Each pro-
sumer in this case has a µCHP system installed at his premises. Artificial Neural Net-
work (ANN) technology is applied in this VPP scheme as the identification tool, which 
helps to characterize the price responsiveness of the prosumer group. In the end, the 
challenges for the price signal controlled VPP are discussed. 
 
Chapter 6, Experimental Setup, describes the ongoing experimental setup at CET and 
the future development for the proposed VPP concept. 
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Chapter 7, Conclusion and Future Work, concludes the dissertation and presents the 
future work on how the VPP concept can be further developed to cope with the foresee-
able challenges.  
 
The contribution of this project is the proposal of a solution for effectively integrating 
the increasing amount of DER, especially in Denmark. Further, in addition to provide 
the proof-of-concept demonstration, the laboratory setup could also be used for other 
purposes such as testing different DER control strategies. It also presents the possibility 
to extend such a small-scale demonstration into a large-scale one which fits into the 
European SmartGrid vision for the power system of the future and the research agenda 
under development.  
 
1.4 Publications 
Within the PhD research project, there are six conference papers have been published or 
submitted, as listed below, 
 
 [A] Shi, Y., Chresten, T., and Bjarne, P., A Market-based Virtual Power Plant, in 
proceedings of the International Conference on Clean Electrical Power, Re-
newable Energy Resources Impact (ICCEP), 2009, Capri, Italy, pp.460-465 
[B] Shi, Y., Chresten, T., and Bjarne, P., A Study on Electricity Export Capability 
of the µCHP System with Spot Price, in proceedings of the IEEE PES 2009 
General Meeting, 2009, Calgary, Alberta, Canada 
[C] Shi, Y., Chresten, T., and Bjarne, P., Generic Virtual Power Plants: Manage-
ment of Distributed Energy Resources under Liberalized Electricity Market, in 
proceedings of the 8th IET International Conference on Advances in Power 
System Control, Operation and Management, 2009, Hong Kong, P.R. China,  
[D] Shi, Y., Chresten, T., and Bjarne, P., Is micro-CHP Price Controllable under 
Price Signal Controlled Virtual Power Plant, Submitted to the 2nd conference 
on Innovative Smart Grid Technologies, Anaheim California 
[E] Shi, Y., Chresten, T., and Bjarne, P., Economic Dispatch of Electric Energy 
Storage with Multi-service Provision, Accepted by the 9th International Power 
and Energy Conference, 2010, Singapore 
[F] Qin, N., Zhao, X., Shi, Y., and Vladislav, A., Offshore Wind Farm Connection 
with Low Frequency AC Transmission Technology, proceedings of the IEEE 
PES 2009 General Meeting, 2009, Calgary, Alberta, Canada 
 
Papers A, B, C, D directly contribute to the VPP research. Paper A and C contribute to 
the design of market-based VPP which is elaborated in Chapter 3. Paper B proposes a 
generic model for optimized operation of µCHP system under the hourly spot prices and 
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simulates the economic benefits for µCHP owners. This model and the corresponding 
result provide the reference for the simulated VPP applications with different control 
schemes, which are explained in Chapter 4 and Chapter 5. Paper D analyzes the price 
responsiveness of the µCHP systems with different generation characteristics.  
 
Paper E develops a generic optimization model that explores the difficulty met by Elec-
tric Energy Storage (EES) when to achieve multiple value streams. The proposed algo-
rithm can also be applied to VPP-related applications.  
 
Paper F presents a feasibility study of using low frequency AC transmission technology 
for offshore wind farm connection, which is irrelevant to the VPP research but enriches 
the PhD study. 
In Appendix D, papers [A]-[E] are attached for readers’ convenience.  
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2 STATE OF THE ART OF VIRTUAL POWER 
PLANT 
The idea of VPP is to address the integration issues related to DER through aggregation.  
Since VPP is more software dependent and can be implemented under current regulato-
ry structures, more and more attention has been paid to this idea in recent years. This 
chapter aims to address the first research question “what is the VPP and what is the state 
of the art of it” by providing the readers with comprehensive information about the VPP 
from its fundamental components to its various developments. In section 2.1, several 
types of the DER, which form the most basic components of a VPP, are briefly re-
viewed. Technical concerns and market concerns related to the DER development are 
also shortly presented. In section 2.2, smart metering which represents the communica-
tion interface between DER and VPP is shortly introduced. The Home Energy Man-
agement System (HEMS) which enables the utilization of a mini-VPP alike smart house 
is explained in the same section. In section 2.3, the state of the art of VPP technologies 
is thoroughly presented. In section 2.4, summary and discussions are given. 
2.1 Technologies of Distributed Energy Resources  
DER are normally referred as small-scale generation and storage technologies. Because 
the active demand 1 (also in small-scale) can make the same contribution to help the 
power system operation as the generation/storage technologies do, it is also included in 
the category of DER. Although the common problem for the most DER is their high 
costs, they still show very obvious benefits over conventional generation technologies. 
Thus, they have drawn many attentions from different parties. These benefits include 
high efficiency and flexibility of fuel usage, short construction lead time and relatively 
low emission, high power quality and energy independence [b1]. 
 
In this section, several typical DER categories: µCHP system, electric energy storage, 
photovoltaic systems, wind turbines and active demand are briefly reviewed. Many oth-
er DER technologies such as microturbines, diesel engines which function as prime 
movers are not described in this part as they have similar working principles and har-
ness energy through burning fossil fuels or biofuels. Recent concerns related to the in-
                                                 
1 Demand response (DR) might be a more familiar nomenclature than Active demand (AD). However, 
DR is referred to the mechanisms/programs used to regulate the AD; while AD is the resource which 
responds to DR.                                                   
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crease of DER penetration is shortly reviewed, which further proves the need for VPP-
like active management systems. 
2.1.1 Micro-combined heat and power system 
µCHP system is an extension of the conventional cogeneration technology, which sup-
plies both electricity and heat to domestic houses and small commercial buildings. By 
capturing the “wasted heat”, the overall energy efficiency can reach up to 90%. Al-
though there is no consistent definition regarding the term “Micro”, the definition given 
by EU Cogeneration Directive is commonly accepted which defines µCHP as units up 
to 50kW electrical output [a6]. A key parameter for all µCHP system is the power to 
heat ratio (P to H in Table 2-1) which reflects the proportion of electric output under 
different operating status. As shown in Figure 2-1, studies reveal that the higher the 
power to heat ratio the greater the potential carbon savings for a given energy input. 
 
 
Figure 2-1: Theoretical carbon savings for different power-to-heat ratios [r4] 
The most popular prime mover technologies applied to µCHP applications include: In-
ternal Combustion Engines (ICEs), Stirling engines, and Fuel Cells (FCs). A compari-
son of the µCHP systems based on different prime mover technologies is given in Table 
2-2. 
Table 2-2: Comparison of prime mover technologies for µCHP systems. 
Criteria ICE Stirling Engine (SE) Fuel Cell (FC) 
Technology  
maturity 
Commercialized Commercialized, but 
still in development 
In development but 
with prototypes avail-
able  
P to H ratio 1:2-1:3 1:4-1:10 1:0.4-1:1.5 
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Overall  
Efficiency % (LHV) 2 
85-90% 90-95% 80-90% 
Life  >40,000hours >100,000hours Around 6,000hours 
Responsiveness On the order of 
seconds 
On the order of  
minutes 
Minutes to hours 
 
ICE based µCHP systems are well known for their well-proven technology, robust na-
ture, and reliability. Typical spark ignition (Otto-cycle) engines are used in these sys-
tems, which are comparable to those used in vehicles [b2]. Compared with the other 
µCHP systems, the capital cost for ICE based µCHP systems is relatively lower. Disad-
vantages of this kind of µCHP systems include frequent maintenance and relatively high 
noise and vibration level. Further, the part load efficiency of ICE based µCHP systems 
is poorer than those driven by the other two prime mover technologies. 
 
Stirling engine are external combustion engines, working by cyclic compression and 
expansion of a sealed working gas at different temperatures such that it achieves the 
energy conversion from heat to mechanical power. Although these µCHP systems are 
not widely used yet, they have very good market potential because of their prospects for 
high efficiency, good performance at partial load, fuel flexibility and low 
noise/vibration levels. Being an emerging technology without mass production, the cost 
for Stirling engine based µCHP systems is normally much higher than ICE based µCHP 
systems.  
 
FC based µCHP systems generate electricity through the chemical reaction of combus-
tion. Generally the fuel like hydrogen is separated into electrons and ions by catalyst at 
the anode. The electrolyte membranes set between the anode and cathode only allow 
ions crossing, which forces the electrons to move through an external circuit and pro-
duce electricity. Once the ions reach the cathode, they are reunited with the electrons 
and a third chemical, usually oxygen, through another chemical reaction at the cathode 
to complete the process. The waste heat produced from reformer and fuel cell stack is 
harnessed for space heating and water heating. For different Fuel Cell technologies, the 
start-up time varies from minutes to hours. For instance, µCHP systems based on Lower 
Temperature Proton Exchange Membrane Fuel Cell (LTPEMFC) which requires a low 
operating temperature around 80°C can execute a cold start-up within minutes. For 
µCHP systems based on Solid Oxide Fuel Cells (SOFC) which requires a high working 
temperature around 800°C need 10-20 hours to heat up the fuel from cold state. The 
advantages of fuel cell based µCHP systems include almost zero emission, potential for 
                                                 
2 Heating values are expressed as higher or lower heating values (HHV or LHV), representing the amount 
of heat released during combustion. The difference between HHV and LHV is simply whether the prod-
uct water is in the liquid phase (HHV), or the gaseous phase (LHV).                                                                                                    
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high electric efficiency and excellent part load efficiency. Due to the high cost and rela-
tively short lifetime of fuel cell based µCHP systems, they can hardly compete with 
other technologies. However, many supports from the governments have been made to 
promote this technology due to the climate concerns and the promises related to high 
electrical efficiency.  
 
By 2005, there were only about 100 µCHP units installed in Denmark due to the exis-
tence of large citywide district heating networks [a7]. However, because of its great 
potential for CO2 reduction, recent study [a8] has estimated the µCHP market potential 
in Denmark, especially the fuel cell based µCHP, can reach around 2200MWe. This 
corresponds to 8.5% of the current electricity generation in Denmark. In addition to 
meeting the demand increase, this amount of flexible generation can also be either used 
to replace the conventional coal-fired power plants or to stimulate the increase of wind 
power penetration. 
2.1.2 Electric energy storage 
Electric Energy Storage (EES) refers to the technologies which are able to store elec-
tricity for later use. In addition to providing cost effective usage of electricity, EES is 
also used to improve power quality by correcting voltage sags, and flickers, or help sta-
bilize the system frequency. In Figure 2-2, typical EES technologies are compared over 
two key factors for EES: rated power and discharge time. Technologies like pumped 
hydro storage and compressed air energy storage are normally deployed in large scale 
and have relatively long discharge time up to days. Technologies like batteries cover a 
wide range of applications as they differ from each other in life time, efficiency and cost, 
etc. For medium scale battery applications, Na-S and L/A have already been in use for 
many years; however, the high cost with safety concern for Na-S and short life time for 
L/A are considered as two biggest disadvantages respectively.  
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Figure 2-2: Discharge time versus rated power for different EES technologies as of 
November 2008 (source: Electricity Storage Association (ESA) [w3]) 
 
For DER-like applications of EES, Electric Vehicles (EVs) have drawn increasing at-
tention in recent years. Rechargeable batteries based on L/A, Li-ion and Ni-MH have 
been used for EV applications. It is generally believed that EV will replace a large pro-
portion of gasoline vehicles in the near future [a56][r17]. 
  
Apart from EES, electricity can also be stored in the form of hot water. When such 
thermal storages are used together with cogeneration systems, the heat production and 
electricity production of cogeneration systems are to some extent decoupled which re-
sults in higher system flexibility. Further, thermal storages can absorb electricity surplus 
and thus reduce the negative impacts coming from intermittent generators like wind 
turbines and PV systems.  
2.1.3 Photovoltaics and wind turbines 
PV systems, or solar cells, convert sunlight directly into electricity. Through photovol-
taic effect, during which process the electrons of the cell absorb the energy of photons 
and leave the semiconductor through an external circuit, electricity is generated with no 
moving parts and emissions. Current PV systems are normally mounted on the roof or 
into the walls of a building, with the size range of 1kW-100kW and the capacity factor 3 
normally under 25% [w4].  However, the high cost of PV systems puts up a lot of bar-
riers for their bulk applications. 
                                                 
3 Capacity factor of a power plant is the ratio of its actual output over a period of time and its output if it 
had operated at nominal capacity during that period. 
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Similar to PV systems, wind turbines also convert the intermittent renewable energy of 
wind into electricity. As the turbine rotates in the wind, the generator is driven to pro-
duce electricity.  A single wind turbine can range in size from a few kW to more than 
5MW with an average capacity factor of 20%-40% [w4]. For large scale applications, a 
group of wind turbines are placed in the same location and connected to the transmis-
sion system, appearing as a wind farm. Although residential systems (5-15 kW) are 
available, they are generally not suitable for urban or suburban homes due to large space 
requirements and people’s perception of wind turbines in the landscape. 
 
The intermittency and the non-dispatchable nature of both solar energy and wind energy 
production are the main disadvantages for these technologies. For Electrical grids with-
out sufficient fast reserve, these drawbacks can have significant impacts on system sta-
bility. Therefore, storage solutions and load management techniques such as load shed-
ding are normally used to even out the power production of PV systems and wind tur-
bines when their penetration level in a system is relatively high.  
 
2.1.4 Active demand 
Active demand refers to a wide range of demand side appliances such as freezers, air 
conditioners and electric heaters, etc. These appliances can respond to the correspond-
ing requests to adjust their consumption levels in order to provide valuable services like 
fast reserve or to attain cost-effective solutions for demand side management. The re-
quests are sent either implicitly (as incentives) or explicitly (as control signals).  For the 
former case, the communication between the central management system and individual 
appliance is necessary while the latter may not need communication as the control sig-
nals can be sensed locally such as system frequency.  
 
Today, examples of using active demand to meet predefined objectives are well known 
in many places. In the US Olympic Peninsula project [r5], 112 homes are equipped with 
energy-management systems which provide a user-programmable automatic demand 
response capability for residential water heater, thermostatically controlled Heating, 
Ventilation and Air Conditioning (HVAC) systems, allowing these demands to bid in 
the local power market and react to the 5 minute market clearing price. Peak load reduc-
tion, as one of many objectives of this project, is successfully achieved. Likewise, the 
Danish Demand as Frequency controlled Reserve (DFR) project has activated a great 
number of electric heaters, etc. via locally sensed frequency signals to provide fast re-
serve [r6]. This application makes great contribution to meet the ambitious goal of the 
Danish government: achieving 50% percent wind power penetration in the Danish pow-
er system [r7].   
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2.1.5 Grid-related concerns over Distributed Energy Resources in-
tegration 
The development of DER technologies has shown a multitude of positive effects on 
power system operation; however, there exits many concerns over the increase of DER 
with respect to grid operation. These concerns are mainly about the electrical system 
security and the power quality [a3], and require proper methods to deal with them. 
 
Concerns about system security are normally attributed to the non-dispatchable DER 
(like PV or Wind turbines) or partial disptachable DER (like µCHP units). When the 
capacity share of these resources increases to a certain level, system operators have to 
pursue more regulating power to assure the system security as a last resort. Furthermore, 
with the possibility of encountering bidirectional power flow, the conventional protec-
tion schemes are being challenged. Meanwhile, as most DER are not connected to the 
Supervisory Control And Data Acquisition (SCADA) systems and work in the “fit and 
forget” way, it becomes very difficult for the system operators to monitor and control 
DER with respect to the overall system security or efficiency.  
 
Power quality concerns about transient voltage variations and harmonic distortions are 
also very common. For instance, on the one hand, the operation of DER can result in 
significant influence on the local voltage level without appropriate voltage control 
schemes; on the other hand, DER also show the odds of improving the local voltage 
quality with careful design [a10]. 
2.1.6 Market-related concerns over Distributed Energy Resources 
integration 
At present, most of the connected DER are subsidized by the incentive schemes. In or-
der to support the growth of DER penetration, it is commonly agreed that a commercial 
environment would extract corresponding benefits associated with increased amount of 
DER [a3]. However, the current electricity markets have significant barriers for the 
market entries of DER. 
 
In today’s Nordic marketplace, minimum bid size requirements are defined for all mar-
kets in order to reduce the burden on communication and computation. In Elspot (day-
ahead wholesale market), the minimum contract size is 0.1 MWh/h, while in Elbas (in-
tra-day wholesale market), at least 1MWh/h is required to contract in [a11]. As for regu-
lating power market, the minimum volume is 10MWh/h except in Norway, where 
25MWh/h is normally used [a56][r9]. These capacity requirements have recently be-
come the biggest hurdles for the DER market participation, since rare DER technology 
can break such bottleneck alone.   
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2.2 Smart metering, Home Energy Management System and 
prosumer 
One of the most distinguishing features of future electricity grid will be users’ ability to 
be actively involved in energy supply. For those end users who have DER installed at 
their premises, a new identity named Energy “Prosumer” is given to them to highlight 
their activeness in both producing and consuming. However, to achieve and maintain 
this activeness, smart metering and HEMS have to be applied in the first place.  
 
At present, there is no single definition of smart metering, however all smart meter sys-
tems may look like what is depicted in Figure 2-3. At its most basic, the smart meter 
provides the Automated Metered Reading (AMR) with respect to electrici-
ty/gas/heat/water consumption/generation at customer premises [b3]. Such application 
provides the utilities with real-time information of the demand side. Automatic Meter 
Management (AMM) or Advance Metering Infrastructure (AMI) extends AMR with 
the ability to remotely measure detailed, time-based information and transmit such in-
formation to various parties after appropriate data management. For the customers, all 
the measured data is visualized to the customers at their computers through the Home 
Area Network (HAN), which could be formed based on different communication tech-
nologies such as Power Line Carrier (PLC), wireless technologies (Zigbee, GSM/GPRS) 
or existing internet connections (ADSL), etc. The customers are therefore able to view 
how much energy they are consuming/producing and how much it is costing/making, 
and take appropriate reactions.  
 
 
Figure 2-3: Smart meter deployed at a house 
 
Generally, the data collected by smart meter is fed to an onsite HEMS that locally opti-
mizes energy generation/consumption on the premises. The HEMS can be interpreted as 
a substitute of the customer which continuously makes optimized energy genera-
tion/consumption strategy based on a series of information including price information, 
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the comfort level and the local generation/consumption portfolio, etc. It includes both 
software and hardware components (PLC, RTU, PC, thermostats, etc.) to control differ-
ent home energy appliances, from consumption to generation, in order to achieve the 
best use of available resources without compromising the comfort level of the custom-
ers. In Figure 2-4, the HEMS developed by Control4 [w5] is shown. Using this system, 
the customers can intuitively see how much energy they are using. Control actions can 
be activated either by the customers or the system itself. In this case, the house depicted 
in Figure 2-3 turns into a mini-VPP alike system. 
 
 
Figure 2-4: HEMS developed by Control4 
 
Taking advantage of the linkage formed by smart metering and HEMS between the cus-
tomers and their onsite energy devices, integrating the domestic prosumers into the elec-
tricity system becomes achievable. Previous passive customers can now become smart 
prosumers and benefit from their active participations in the operation of the electricity 
system via VPP-like frameworks.    
2.3 State of the art of Virtual Power Plant 
Using aggregation to achieve better use of available generation/consumption resources 
is not a new technology.  Many energy trading companies have already been aggregat-
ing small (from hundreds of kW to several MW) sized power plants for years. Normally, 
the intention of such aggregation is to break the capacity threshold for electricity market 
entry and benefits the owners of small generators and the energy traders. Besides, load 
aggregation is also very common to see by which individual energy users are banded 
together in an alliance to secure more competitive prices or to provide demand response 
services. The concept of a wind farm is another example of aggregation that leads to 
extra benefits such as more generation capacity, incurring smoothing effect, etc.[b4]  
 
By far, there has been no consensus on the definition of the VPP. Literally, the VPP can 
be interpreted as a power plant with geographically located generation assets which are 
interconnected through the “virtually” existing communication channels.  This literal 
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interpretation happens to provide the three most basic features of the VPP: a power 
plant like entity/system, managing a cluster of generation assets and using advanced 
ICT technologies. The first feature, power plant like entity/system describes the obliga-
tions that a VPP has to fulfill and its role in the power system operation. The second 
feature, managing a cluster of generation assets, distinguishes the VPP from a conven-
tional power plant by highlighting the control needs of the VPP. The third feature, “vir-
tual”, emphasizes the importance of communication in the VPP applications. As a result, 
the author would like to say any system having all of the three features can be regarded 
as a VPP. 
In this study, the VPP is defined as an entity/Energy Management System (EMS) that 
aggregates multi-fuel, multi-location and possibly multi-owned DER units via advanced 
ICT infrastructure either for the purpose of energy trading or to provide system support 
services. Differing from other aggregations, VPP exploits the technical and economic 
synergies between diversified DER technologies. In the case of being an independent 
entity, the VPP can either function as an independent power producer (based on DER 
aggregation) or an energy supplier (based on prosumer aggregation).  In the case that 
the VPP functions as an EMS, it turns into a software based application which can be 
used by any parties. 
 
Due to the high flexibility of the concept itself, there exists a variety of designs and im-
plementations for VPP. As shown in Table 2-3 , these designs and implementations can 
be mainly classified by four key characteristics of VPP: aggregation needs, role of VPP, 
communication and control methods. Each category is explained in the following.  
 
Table 2-3: Different VPP categories 
Aggregation needs Role of VPP Control Communication 
Commercial 
 
Technical 
Controller 
 
Information Agent 
Structure 
 
Strategy 
Media 
 
Direction 
 
Aggregation needs, defines the tasks that have to be fulfilled by VPP aggregation, and 
can be classified into two categories: Commercial VPP (CVPP) and Technical VPP 
(TVPP). CVPP aggregates the DER in order to perform market related activities, such 
as energy trading in different markets from forward to spot, which aims to maximize the 
profit margins for the aggregated generation portfolio. For TVPP, the aggregation is 
normally directed to provide specific power system support services, which are essential 
in maintaining power quality, reliability and security of the grid. Sometimes, local net-
work constraints and real-time local network status are also included in the VPP portfo-
lio to assure the flawless grid operation.   
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Role of VPP, states the VPP responsibilities, and has a high correlation with how the 
aggregation could be done. When VPP functions as a central controller, the attached 
DER devices are operated according to the VPP’s needs so as to help balance supply 
and demand, or to benefit from selling excessive electricity. Fast and reliable communi-
cation channels therefore have to be established in order to fulfill the communication 
requirements; meanwhile the VPP has to have many sophisticated functions to achieve 
cost-effective operation. On the contrary, VPP can also function as an information agent 
who might be only in charge of information transfer between DER owners and other 
players involved in power system operation or market transactions [a12][a13]. 
 
Control, the item used in VPP related studies normally covers two aspects: Control 
structure and Control strategies.  
 
  Control structures, as depicted in Figure 2-5, state how the decision making is 
carried out from centralization to decentralization [a14]. In the former case, all deci-
sions in the VPP are made by VPP central controller; while the latter case disperses 
decision-making governance closer to the DER devices. Since the intelligence level of 
the VPP with centralized control structure is limited by resources for calculation, 
communication and system redundancy, etc, decentralized control structure is favored 
more in handling complicated tasks. For the VPP with a completely decentralized con-
trol structure, it might turn into an information agent as mentioned before, and all the 
decision makings are made by DER themselves.   
 
 
Figure 2-5: Centralization vs. Decentralization 
 
 Control strategies, related to VPP studies are mainly with market-based control 
[a12][a15], agent-based control[a16][a17][a18], optimal control[a19][a20][a21], etc. 
Market-based control bears emphasis on creating a competitive market environment 
for DER devices and regulating the production/consumption of DER with market sig-
nals in order to meet the perspectives on cost and effectiveness; while agent technolo-
gy highlights the importance of local intelligence of DER as well as the fast and relia-
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ble communications among the agents. The optimal control deals with the problem of 
finding a control law for a given system portfolio and forms the basis of other control 
strategies by providing mature mathematical theories and detailed optimization algo-
rithms. Any of the control strategies can be implemented under different control struc-
tures and therefore results in a diversified flexible portfolio of VPP study. 
 
Communication, as another key part in VPP related studies, covers a diversified com-
munication technology portfolio [b3]. Key technologies applied in VPP-like applica-
tions include Internet based technologies e.g. the Internet Protocol (IP) based services 
through public broadband access, Virtual Private Network (VPN), PLC and wireless 
technologies e.g. GSM/GPRS, 3G, etc. Within customer premises, WiFi, Bluetooth, 
Zigbee, etc. are utilized to form the communication network. In general, VPP and DER 
communicate with each other in either one-way communication or two-way communi-
cation. The cost of a one-way communication system is usually cheaper than a fast and 
reliable two-way communication system. However, as only inquiry or broadcast is ap-
plied in the former system, the VPP lacks assurance of the DER response, either before 
or after issuing the control signals. State estimation is therefore a must in the VPP with 
one-way communication systems. 
 
In Table 2-4, recent projects or ideas regarding VPP are summarized, following with 
general information. Detailed descriptions are given in Appendix C.  
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Table 2-4: Review of VPP technologies 
VPP projects Aggregation needs Role of VPP Control Methods Communication 
EUVPP [r8], a demonstration 
project of VPP concept in 2005, 
which aggregated 29 decentra-
lized fuel cell based µCHP units  
Technical needs: 
 Peak load reduction 
 To follow pre-defined load profiles  
Central controller   Centralized con-
trol 
two-way communication: 
internet VPN tunnel  
one-way communication: 
RRC  
VPPs based on the idea of Pow-
er Matcher[a16],[a22], which 
applies multi-agent based con-
trol on DER side 
Technical needs: 
 Peak load reduction, etc. 
Agent broadcasting electric-
ity price 
Decentralized 
market-based 
control 
Two way communication: 
Universal Mobile Telecom-
munication System (UMTS) 
wireless network 
Commercial needs: 
 Bid in electricity spot market  
Market operator of internal 
market; Market player in 
external electricity market 
FENIX VPP [w6], a demonstra-
tion project of large scale VPP 
concept in Europe 
Technical needs: 
 Provide Tertiary Reserve 
 Provide Voltage control services 
 Solve Network Contingencies 
Central controller  Centralized con-
trol 
Two way communication: 
GPRS and IEC-104 protocol. 
Commercial needs: 
 Participate in the day-ahead electricity mar-
ket. 
 Access ancillary service market 
Market operator of internal 
market; Market player in 
external electricity market  
Decentralized 
market-based 
control 
Edison VPP[w7], a demonstra-
tion project of VPP concept 
specializing on Electric Ve-
hicles(EV) integration  
Technical needs: 
 Provide  possible balancing services to Gid 
 Provide cost-effective control over EV fleet 
Central controller  Centralized mar-
ket-based control 
Two way communication 
based on IEC61850 
ProViPP [w8], a demonstration 
project based on Siemens’ 
DEMS, which aggregates 9 
hydroelectric plants 86 MW 
Commercial needs: 
 Participate in the electricity market 
 Participate in the reserve market 
Central controller Centralized mar-
ket-based control 
Two way wireless communi-
cation 
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2.4 Summary and discussions 
In this chapter, several key components e.g. DER, smart metering and HEMS of the 
VPP are shortly reviewed at the beginning. Compared with conventional generation 
technologies deployed in today’s power system, DER posses the capability of “reinvent-
ing” the grid if their perceived benefits, such as lower emission, higher reliability, etc, 
can be fully realized. However, inappropriate “fit and forget” deployment approach of 
DER has also raised many concerns over system operation and market participation, 
which must be addressed by more advanced control/coordination schemes. Counted as 
the basic supporting devices, smart meters and HEMS create the foundation for devel-
oping the future intelligent system framework, through which each house can function 
as a mini-VPP. Control/coordination schemes can be implemented both locally and glo-
bally to strengthen the upsides of DER. As an enabling concept, the VPP aims to estab-
lish such kind of control/coordination framework to support the integration of DER.  
 
The VPP studied in this research project is a specific kind of VPP, for which the genera-
tion assets to be coordinated inside are DER. Still, being a very broad concept, the ag-
gregation technologies used in this VPP exhibit quite different feature when they intend 
to address the questions: why to aggregate, what to be aggregated and how the aggrega-
tion is implemented. According to the real life experience, there seems no technical 
hurdles for aggregating tens of DER units with centralized control scheme as long as the 
computation and communication barrier can be well handled by the ICT technology. 
Further, from the utility’s point of view, a fully centralized control allows for them to 
make little change to the existing operation schemes and tariff structures. When the 
number of VPP participants becomes dramatically large, decentralized control seems 
necessary. Fully decentralized control architecture may be able to solve the computation 
and communication overhead as the decision making processes are distributed down to 
DER level; however the unlearned issues such as instability and unpredictability leads 
to other anxieties. In the light of today’s DER penetration level, many VPP technologies 
are mainly employed with centralized structures; while some decision capabilities are 
granted to DER systems in the meanwhile to ensure a certain level of adaptability.     
 
Among most VPP designs, market participation seems to be one of the primary tasks. 
Reasons for this can be attributed to,  
 The profitable market-based operation represents the ultimate needs for VPP ag-
gregation in a deregulated power system 
 Its efficiency in coordinating different resources  
 Its openness to all DER technologies 
 Potential economic benefits for the DER owners and other market participants 
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As the key part of VPP concept, many different communication technologies have been 
selected and tested in recent studies. Finding out the best communication solution for 
VPP technologies is not an easy task and out of the scope of this thesis. But it is well 
believed that the communication infrastructure of VPP must provide high level of scala-
bility, stability and flexibility, also trying to use ‘every’ already existing communication 
resources. 
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3 DEVELOPING MARKET-BASED VIRTUAL 
POWER PLANT 
The present deregulated electricity markets encourage the competition in both genera-
tion and demand sectors to achieve socio-economic efficiency and freedom of choice 
for the customers. Market for ancillary services, which are used to maintain reliable 
operations of power system, further provides a trade route connecting power system 
operators and a group of Generation companies (Gencos) or customers who are able to 
provide dedicated services. In light of this, this chapter aims to address the research 
question “how to develop a generic VPP concept which benefits all parties” by present-
ing a detailed design of Market-Based VPP (MBVPP) operation scheme. In section 3.1, 
the Nordic power market is introduced.  In section 3.2 and 3.3, within the framework of 
the Nordic power market, the architecture of the MBVPP system and different control 
strategies are presented respectively.  Section 3.4 presents a function-based design for 
the MBVPP and Section 3.5 summarizes the study given in this chapter.   
 
3.1 Nordic power market 
In 1990s, Norway, Sweden, Finland and Denmark instituted stepwise opening of their 
national power markets on the heels of each other, as shown in Figure 3-1. This slug-
gish reform has successfully created a new competitive multinational environment for 
power trading, and serves as a model for restructuring other power markets.  
 
 
Figure 3-1: Development of the deregulated Nordic Power Market 
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3.1.1 Current marketplace of Nordic power system 
Today, the Nordic Power Market is well-known for its high liquidity and its efficient 
market functions. Figure 3-2 illustrates the major components of this market.  
 
 
Figure 3-2: Timeframe for different market services in Nordic Power Market 
 
The financial market for price hedging and risk managements consists markets for fu-
tures, forwards, options, etc., which deal with the kinds of contracts that are agreed from 
months or years before they get executed.  The day-ahead market, so called Elspot, pro-
vides the market participants a place where hourly power contracts are traded daily for 
physical delivery in the next day’s 24 hour period. Elbas kicks in as an alternative of 
balancing market and provides continuous power trading up to one hour prior to deli-
very. The regulating power market, run by the Nordic Transmission System Operators 
(TSOs), provides the tool to keep the real-time balance between total generation and 
consumption of power. Furthermore, ancillary services, including frequency reserve, 
voltage support, etc., can be traded from long term to short term in the TSOs organized 
markets. 
 
A simple sk,etch of the current marketplace for Nordic power system is given in Figure 
3-3. Most of the electrical energy is generated by conventional generation technologies, 
and transferred down to end users through transmission and distribution systems. Large 
DG groups, such as windfarms, CHPs, etc., which are connected to MV distribution 
system, might have direct access to the power market. The customers with installations 
of DER have turned into sort of prosumers, who can also produce electricity rather than 
consume it only. The reversed energy flow between distribution system and transmis-
sion system is rarely observed due to the relatively low penetration level of DG&DER; 
however, this might happen in the near future if the penetration level continues to rise.  
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Compared to electric energy flow, the information flow is more complicated. The in-
formation exchanged between the market players and the market coordinator may in-
clude bids and offers as well as the relevant market information; while the information 
exchanged between energy suppliers and end-users includes metered data (monthly-
based without AMI) and pre-defined electricity tariff for end-users with/without DER 
respectively. In terms of the money flow, Gencos, large DGs and end-users with DER 
are the only parties receiving money from selling the electricity. However, the first two 
groups receive money from market participation and the last group receives money 
based on governmental incentives such as net metering, feed-in tariff, etc., and therefore 
functions in ways like “fit and forget”.  It is worth mentioning that TSOs and DSOs are 
obligated to maintaining the system security for transmission and distribution system 
respectively and mainly deal with ancillary services transactions.  
 
  
Figure 3-3: Current marketplace in Nordic Power System 
 
3.1.2 Balance regulation of the Nordic power system 
Maintaining the constant balance between generation and consumption is the key 
process in any power system operation. The Nordic power system use market-based 
mechanism to procure various types of regulating resources and peak load resources, as 
show in Figure 3-4, to meet this requirement in the synchronous part of Nordel and 
another balance area-western Denmark, which belongs to UCTE system. The frequency 
controlled reserves can be obtained by TSOs from the ancillary service market and are 
activated automatically by frequency deviations under different conditions: 
1) Normal operation reserve, with total amount of 600MW and regulation capacity 
of 6000MW/Hz, is fully activated at a frequency of 49.9Hz. 
2) Disturbance reserve, often around 1000MW, is activated when frequency drops 
down to 49.5Hz when situation like loss of a large power plant is encountered.   
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 The fast reserves can be bought from the regulating power market mentioned before. 
They are activated manually and used to restore different types of the automatic re-
serves within 15 minutes. Peak load agreements are sort of a type of ancillary services, 
which are designed to handle peak load situations when fast reserves prove insufficient.    
 
 
Figure 3-4: Balancing resources in Nordic power system 
 
Through three basic steps: planning, regulation and settlement, the TSOs are able to 
coordinate different balancing resources to ensure physical balance and safe system 
operation.  
 
It is worth mentioning that this section briefly summarizes the important features of 
common balance regulation. There still exist national differences. For detailed know-
ledge, the readers are recommended to go to the individual TSO website or visit the 
website of Nordel [w9].  For the VPP which aims to provide specific balancing services, 
the corresponding regulation code has to be met. 
3.1.3 Electricity market prices  
Current electricity prices in the Nordic power system, especially in Denmark, are rela-
tively volatile due to the fact that there is a high penetration of wind power in Denmark. 
Although studies show that the spot prices in Denmark were reduced by 0.25-0.45 
c€/kWh in 2005-2007 [a23], as seen in Figure 3-5, electricity price spikes can be often 
observed  in both spot market and regulating market. These high price spikes obviously 
indicate the need of additional generation or demand resources for those hours, and pro-
vide the potential business fields for the new entities like the VPP.  Economically, if 
DER technologies like µCHP can participate in the electricity market through the VPP, 
the DER owners can receive an extra amount of savings in contrast to the current fixed 
buy-back prices [a24]. Meanwhile, the corresponding reactions from the DER owners 
can mitigate the problems caused by electricity shortage or excess.  
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Figure 3-5: Electricity market prices for DK-East in the 1st week of 2010 (Source Ener-
ginet.dk) 
3.2 System architecture design for market-based Virtual Power 
Plant 
The MBVPP is a kind of VPP that plays actively in the existing electricity market by 
buying/selling electricity or grid-related services from/to the other market players. The 
phrase “market-based” aims to distinguish the MBVPP from the others by emphasizing 
that the decisions carried out by the MBVPP are based on market signals.    
 
As illustrated in Figure 3-6, the MBVPP breaks the size limitation for market participa-
tion by aggregating adequate number of prosumers with DER installed at their premises.  
The assets of these prosumers are further split into two groups: passive load (lighting 
load, etc.) and DER, implying the MBPP has the option to aggregate either DER only or 
the entire premises. In the former case, the passive load within the premises could be 
met by energy suppliers, like other end users who don’t have DER facilities; thus the 
MBVPP acts as an independent power producer. In the latter case, the MBVPP could 
both generate and consume electricity, which appears like an energy supplier equipped 
with its own generation facilities. Taking advantage of the diversified DER technologies, 
the MBVPP represents a very flexible generation portfolio and therefore has the possi-
bilities to trade both electrical energy and different kinds of ancillary services.  
 
There also exits the possibility that the MBVPP turns into a software based EMS. In 
such case, the MBVPP is dedicated to managing DER facilities. It is used by the energy 
suppliers to ensure reliable energy supply to the end-user and to provide grid-supportive 
services. 
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Being a relative large party in the market field, the MBVPP can also intervene in other 
business fields such as fuel markets and carbon markets. The participants in the MBVPP 
may thus obtain further benefits e.g. cheaper fuel prices. 
 
 
Figure 3-6: Marketplace in Nordic Power System with MBVPP 
 
In detail, Figure 3-7 illustrates the physical topology of the MBVPP, including the 
energy flow, communication flow and the physical components. All the con-
trol/coordination functions reside on the central server, while the energy management 
system is carried by the client server like the HEMS. Information flow between the cen-
tral server and client server is maintained in the predefined time frequency, in order to 
complete the overall control/coordination process. In case that the communica-
tion/computation bottleneck occurs, sub servers can be equipped to distribute the work 
load which forms a hierarchical system structure. However, the variations led by differ-
ent control strategies will result in different kinds of MBVPP which will be explained in 
next section. 
 
 
Figure 3-7: Physical Topology of the MBVPP 
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3.3 Different control schemes of market-based Virtual Power 
Plant 
Depending on how the control structure is designed, the operation of the MBVPP can be 
carried out in several ways as depicted in Figure 3-8: Direct Control, Price Signal Con-
trol and Internal Exchange. These three types of MBVPP reflect how the DER intelli-
gence and MBVPP intelligence can be coordinated differently in order to achieve the 
best usage of DER under different conditions or regulatory frameworks. (Here, the intel-
ligence is interpreted as the capability of handling different levels of complexity related 
to decision makings.). With no exceptions, these three types of MBVPP all act as inter-
faces which grant the DER opportunities to get access to the electricity market.   
 
 
Figure 3-8: Different control schemes of MBVPP 
 
Direct Controlled MBVPP: Under this scheme, the MBVPP has the direct access to 
control all DER in the case of extremely centralized control structure is applied. To bet-
ter operate the aggregated DER portfolio, the MBVPP normally requires the complete 
knowledge over the generation characteristic and the corresponding locational informa-
tion, etc. For a standard energy transaction taken place in the electricity market like day-
ahead market, the MBVPP will generate and submit its bids/offers based on the already 
known generation portfolio. The approved bids/offers therefore will be transformed to 
the generation/consumption schedules for every DER. When real-time comes, the 
MBVPP dispatch the DER to mitigate the imbalances caused by forecasting errors or 
emergencies. As all the decision makings are made by the MBVPP, a relatively high 
intelligence level is required to optimize the overall operation.  
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Price Signal Controlled MBVPP: By broadcasting price signals to the DER, the 
MBVPP can regulate the operation of the DER to some extent [a12]. For instance, 
broadcasting the hourly electricity price for tomorrow may modify the DER generation 
schedule and lead to efficient energy usage; broadcasting a five minute electricity price 
for the next five minute may help to collect enough balancing power for the MBVPP. 
However, how well this scheme can function depends on a lot of variables. As the 
MBVPP normally has to deliver the committed energy or services, it has to find out the 
generation/consumption pattern of the mixed DER generation portfolio according to 
different price signals and develops efficient varying pricing signals to invoke the reac-
tions. Further, the stochastic generation patterns caused by irrational human decisions or 
the increasing local intelligence may cause more complexity to design the price signal 
controlled scheme. However, the simplicity of broadcasting price signal is the biggest 
advantage of this strategy. 
 
Internal Exchange based MBVPP: the MBVPP working with this strategy needs the 
lowest intelligence requirement among the three presented types of the MBVPP [a12]. 
Instead of carrying out control functions, the MBVPP here only has to operate an inter-
nal exchange electricity market and deliver supportive information to the DER. Based 
on these information, the bids/offers are made by DER and submitted to the internal 
market. The bids and offers can be either cleared or aggregated internally. The aggre-
gated bids/offers will be sent to the external electricity market for clearance. The ap-
proved bids and offers will turn into generation/consumption schedules of the DER. In 
real-time, the DER has to follow the schedule in order to minimize the penalty cost 
caused by imbalances. 
3.4 Functional requirements of market-based Virtual Power 
Plant 
The functional requirements for different types of MBVPP vary from each other; how-
ever, it is possible to use function-based design to find the universal functional modules 
of the MBVPP as give in Figure 3-9. In the case of developing a specific type of 
MBVPP, these functional modules can be easily selected to build a complete MBVPP 
system. In [a25] which is also attached to Appendix D, detailed description of each 
functional module is given.   
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Figure 3-9: Universal functional modules of the MBVPP 
 
To illustrate the utilization of the proposed function-based design, an example of price 
signal controlled MBVPP system is constructed on basis of the proposed functional 
modules, details of which is given in [a25]. In Figure 3-10, the information diagram for 
this VPP is shown. Day-ahead trading is carried out following the direction of the hol-
low arrow which starts from the analytical module and ends with the generation sche-
dule. In real-time, the price signal control algorithm is implemented as a closed loop 
control, aiming at making the real-time generation comply with the schedule. Commu-
nication between DSO and the MBVPP is maintained if needed.  
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Figure 3-10: Working flow of the price signal controlled MBVPP 
 
3.5 Summary and discussions 
Market-based control is always conventionally taken as one of the best ways for distri-
buted resource allocation. The MBVPP developed in this chapter can be easily fit into 
today’s electricity marketplace of the Nordic power system, thus establish a bridge be-
tween the DER and other existing market players. The volatility of electricity market 
prices and the variety of market products provide the MBVPP with great market poten-
tial.  
 
Even though the architecture for the MBVPP is very clear-cut, the MBVPP can still be 
implemented in various ways such as direct controlled, price signal controlled and in-
ternal exchange based operation. They differ from each other in terms of the decision 
making principles and the incurred information flows. The first two types of MBVPP 
generally require complicated decision makings in order to obtain optimized generation 
and trading portfolios. Therefore, they are modeled and simulated in the next two chap-
ters. As for the MBVPP which operates internal exchange markets to coordinate the 
DER production, it can be regarded as a copy of today’s wholesale market and the 
MBVPP is no other than a market operator. It therefore has more concerns about the 
efficient market design and how it can be coordinated to the existing electricity market. 
Further, since submitting bids and offers by prosumers can be very burdensome and 
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may discourage their participation, this idea is not studied in the later sections of this 
thesis. 
 
For all the MBVPP, there is a list of generic function requirements covering their needs 
on managing the DER, accessing the existing power markets and cooperating with other 
parties in the electricity sector. The flexibility brought by the function-based design can 
therefore facilitate the design of MBVPP when different needs have to be met. (In the 
following, for the sake of simplicity, the term “VPP” is used instead of “MBVPP” due 
to the fact that the market-based operation is considered as a necessity of all VPP re-
lated activities in this study.) 
Direct Controlled Virtual Power Plant 
48 
4 DIRECT CONTROLLED VIRTUAL POWER 
PLANT 
Any power plant in a deregulated market environment are now exposed to risk and un-
certainties coming from different sectors, such as the technical limitations imposed by 
the power plant itself, the volatile electricity market prices, fuel price uncertainty, etc. 
Therefore, to optimize the generation and trading portfolio of a power plant can be in 
principle taken as a decision making problem. From this point of view, the only distinc-
tion between operating a VPP and operating a conventional power plan might be the 
amount of information that is available to the power plant operator.  
 
For a direct controlled VPP, it normally requires the VPP to have adequate information 
over every DER participant and the corresponding locational context. Such framework 
not only helps the VPP to precisely characterize its generation portfolio that improves 
market-based decision makings, but also allows the VPP to more accurately regulate its 
generation in real-time as the VPP operator has direct access to the control panel of 
every DER participants.  
 
In this chapter, instead of including a diversified DER portfolio, the µCHP system is 
modeled and simulated in section 4.1. In section 4.2, the optimized operation a µCHP 
formed direct controlled VPP under present deregulated market conditions is modeled. 
A case study for a VPP with 10 µCHP systems is presented in Section 4.3, and the result 
reveals that when adequate information about the DER and the electricity market are 
available, the direct controlled VPP can optimize its generation and trading portfolios to 
achieve the overall cost-effective operation. Section 4.4 summarizes and discusses the 
finds of this study. 
 
4.1 Modeling least cost controlled micro-combined heat and 
power system 
The µCHP systems, which have been introduced in 2.1.1, are currently on the verge of 
massively replacing the conventional domestic heating systems. According to [w10] 
published by Delta Energy & Environment, around 20 thousand µCHP systems4 with 
the electrical capacity of 37.8MW have been sold worldwide. In addition, unlike the 
                                                 
4 Delta defines µCHP as generating 5kW of electricity or less.   
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wind turbines and PVs which have intermittent generation characteristics in nature, the 
power output of µCHP systems can normally be precisely controlled. The two advan-
tages of the µCHP systems: market potential and controllability make them more pre-
ferred by the VPP operators.  
 
A substantial body of literature exists describing the models, control strategies and the 
associated economic performance for µCHP systems based on different prime mover 
technologies. In [a26][a27][a28][a29], the three operation strategies: heat-led, electrici-
ty-led and cost-led which can be generally applied to any kind of µCHP systems are 
intensively investigated. For the heat-lead operation strategy, the µCHP system is con-
trolled to meet the onsite heat demand as much as possible and the associated electricity 
is considered as the by-product. On the contrary, the electricity-lead control intends to 
closely follow the onsite electricity demand by dispatching the unit. The cost-lead oper-
ation is generally considered as the optimized operation strategy that minimizes the cost 
of meeting the given electricity and heat demand profile, subject to the technical con-
straints of the system.  In these studies, regardless of the prime mover technologies be-
ing modeled, constant power to heat ratios and overall efficiencies are generally used to 
describe the generation characteristic of the µCHP systems. This assumption makes the 
simulations easy to implement and provides reasonable estimates of annual perfor-
mance. 
 
Detailed electrical and thermal performance of the µCHP systems can be found in 
[a30][a31][a32], wherein the empirical models are used to simulate the performance of 
SE and ICE based µCHP systems in building integrated cogeneration applications. In 
these models, the electrical efficiency and thermal efficiency of the µCHP systems are 
expressed as a polynomial function of the part load ratio or thermal energy input in or-
der to simulate the effects of incomplete combustion, friction and vibration, etc. Fur-
thermore, the cold start behavior of an ICE is modeled as a function of operation time in 
[a32]. However, since these models are developed on empirical data collected for spe-
cific µCHP system, they hardly can be recalibrated for representing other cogeneration 
systems. 
 
To demonstrate the optimized operation of a direct controlled VPP, a decentralize-
controlled µCHP system is firstly modeled in this section.  
 
4.1.1 Model description 
The system structure for the simulated µCHP system is given in Figure 4-1, wherein the 
µCHP system marked by the gray area comprises three parts: a µCHP unit, a thermal 
storage and a gas-fired boiler. For the ICE based µCHP unit, a synchronous generator is 
driven by an ICE to produce electricity. The useful heat generated by this unit is mostly 
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from the heat recovered from engine jacket cooling water and the exhaust gas. The gas-
fired boiler is used as an alternative heat source; whilst the heat storage which is usually 
a hot water tank is used to further increase the flexibility of the µCHP system operation. 
For this grid-connected µCHP system, the generated electricity in excess of the local 
electrical demand could be sold back to the grid at pre-defined electricity tariffs. 5  
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Figure 4-1: System structure for a decentralized-controlled µCHP system 
 
For a decentralized-controlled µCHP system numbered i, the question about how the 
prosumer (the owner of the household and DER inside) can optimially operate his 
µCHP system to minimize his system cost can be modeled as a set of mathmatical 
equations. Given as following, these equations represent the technical performance of 
different devices and physical energy balances as well as the objective of prosumer.  
 
With regard to the energy flow depicted in Figure 4-1, unit for the variables in the fol-
lowing energy balance equations is kWh/∆ݐ , where ∆ݐ  indicates the time length of one 
simulated time step such as an hour or 30 minutes. This unit is actucally equivalent to 
kW, meaning that within ∆ݐ   a constant amount of power in kW is consumed or 
produced. 
 
The heat balance and the electricity balance are given in (4.1).and (4.2) respectively. 
                                                 
5 In order to promote the use of DER, there are basically two types of electricity tariffs used to remunerate 
the electricity produced by DER: net metering (remunerating the exported electricity) and feed-in tariff 
(pricing the generated electricity). Normally, the electricity price for net metering is time dependent and 
for feed-in tariff is constant for a given DER technology. 
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 ݄௖௛௣,௜ሺݐሻ ൅ ݄௕,௜ሺݐሻ ൅ ݄௙,௜ሺݐሻ ൌ ݄ௗ,௜ሺݐሻ ( 4.1 ) 
 ݁௖௛௣,௜ሺݐሻ ൅ ௚݁௥௜ௗ,௜ሺݐሻ ൌ ݁ௗ,௜ሺݐሻ ( 4.2 ) 
Where 
 ௚݁௥௜ௗ,௜
ሺݐሻ ൌ ቊ݁௜௠,௜ሺݐሻ   ݂݅    ௚݁௥௜ௗ,௜ሺݐሻ ൒ 0െ݁௘௫,௜ሺݐሻ  ݂݅ ௚݁௥௜ௗ,௜ሺݐሻ ൏ 0   
 
( 4.3 ) 
The thermal storage balance is modeled by a difference equation given in (4.3), 
 
 ݄௦,௜ሺݐሻ െ ݄௙,௜ሺݐሻ ൌ ݄௦,௜ሺݐ ൅ 1ሻ ( 4.4 ) 
 
And the capacity limit for all devices are modeled as following, 
 
 ௖݂௛௣௠௜௡,௜ ൑ ௖݂௛௣,௜ሺݐሻ ൑ ௖݂௛௣௠௔௫,௜  ( 4.5 ) 
 ௕݂௠௜௡,௜ ൑ ௕݂,௜ሺݐሻ ൑ ௕݂௠௔௫,௜  ( 4.6 ) 
 ݄௦௠௜௡,௜ ൑ ݄௦,௜ሺݐሻ ൑ ݄௦௠௔௫,௜ ( 4.7 ) 
 
The generation characteristics for the boiler is modeld by (4.8), 
 
 ݄௕,௜ሺݐሻ ൌ ௕݂,௜ሺݐሻ כ ߟ௕,௜  ( 4.8) 
 
The generation characteristics for the µCHP unit are modeled as following linear equa-
tions,  
 
 ݄௖௛௣,௜ሺݐሻ ൌ ሺܽଵ,௜ · ݁௖௛௣,௜ሺݐሻ ൅ ܾଵ,௜ሻ · ݋௜ሺݐሻ   ( 4.9 ) 
 ௖݂௛௣,௜ሺݐሻ ൌ ሺܽଶ,௜ · ݁௖௛௣,௜ሺݐሻ ൅ ܾଶ,௜ሻ · ݋௜ሺݐሻ  ( 4.10 ) 
   
where the binary variable ݋௜ሺݐሻ is used to indicate the on (1)/off (0) status of the µCHP 
system 
 
Here, the ICE-based µCHP unit XRGI15 from EC Power A/S [w11] is simulated. The 
electrical output of this unit can be modulated between 6kWe to 15.2kWe. As denoted 
by [a33], when this unit runs on natural gas (NG), the thermal output and fuel input are 
both in linear relationship to its electrical output when the unit is on. Thus the genera-
tion characteristics of this unit are modeled by two linear equations (4.9) and (4.10) 
provided the system performance described in [w11], and are depicted in Figure 4-2. 
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Figure 4-2: Generation characteristic of the simulated XRGI15 unit 
 
The corresponding electrical efficiency, thermal efficiency and overall efficiency of this 
unit, which are expressed by (4.11), (4.12) and (4.13), can therefore be calculated and 
drawn in Figure 4-3. As a result the overall efficiency is around 90% and the maximum 
electrical efficiency is about 30% when the system runs at maximum output. 
 
 ߟ௖௛௣௘௟,௜ ൌ ݁௖௛௣,௜/ ௖݂௛௣,௜  ( 4.11 ) 
 ߟ௖௛௣௧௛,௜ ൌ ݄௖௛௣,௜/ ௖݂௛௣,௜  ( 4.12 ) 
 ߟ௖௛௣,௜ ൌ ߟ௖௛௣௧௛,௜ ൅ ߟ௖௛௣௘௟,௜ ( 4.13 ) 
    
 
Figure 4-3: System efficiency of the simulated XRGI15 unit  
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The objective of such system, as in (4.14), is to minimize the total cost for one optimi-
zation period which includes T time intervals. The cost function as given in the square 
brackets is comprised by three parts: the fuel cost and the electricity cost caused by im-
porting electricity from the grid and the saving due to the export of excessive electricity. 
Therefore, a net-metering electricity tariff is simulated in this case.  Generally, if there 
is some heat stored in the heat tank at the beginning of the simulated period, the cost for 
that amount of heat also has to be included in the cost function. However, by forcing 
heat storage level at the end of simulated period equal to the initial storage level, as in 
(4.15), this cost can be eliminated in the cost function.  
 
 
෍ܿ݋ݏݐ௜ሺݐሻ ൌ෍ሾቀ ௖݂௛௣,௜ሺݐሻ ൅ ௕݂,௜ሺݐሻቁ · ߨ௙ሺݐሻ ൅ ݁௜௠,௜ሺݐሻ · ߨ௜௠ሺݐሻ െ ݁௘௫,௜ሺݐሻ
்
௧ୀଵ
்
௧ୀଵ
· ߨ௘௫ሺݐሻሿ 
 
 
 
( 
 
 
 
4.14 )
 ݄௦,௜ሺ0ሻ ൌ ݄௦,௜ሺܶሻ ( 4.15 )
 
As a result, in order to obtain the optimized operation with least system cost over a time 
period, one only has to solve the Mixed Integer Programming (MIP) problem. 
4.1.2 Assumptions and parameters for the micro-CHP model 
For the µCHP system model described above, there are several assumptions made.  
 
 Hourly time step: Being reported by [a34], modeling the performance of µCHP 
system is highly dependent on the temporal precision. For instance, the simu-
lated results with 30-minute demand precision data vary significantly from the 
10-minute data precision, and little difference in the outcome is observed for 
demand data precision vary below 10-minute. However, to simulate the opti-
mized operation of the XRGI15 based µCHP system, the time step is assumed to 
represent a time interval of 1 hour in this case.   This assumption is made due to 
the available demand information for a Danish household which is measured on 
hourly basis and the present spot prices for electricity in Nordic countries are al-
so hourly prices which are derived from the day-ahead wholesale market.  
 
 Day-ahead generation schedule based on flawless predictions: Solutions to the 
modeled optimization problems are actually the generation schedules for the 
next period T e.g. next 24 hours, derived based on the forecasted information, 
including demand and prices for every hour. Therefore, when real-time comes 
the system is locally controlled to exactly follow the generation schedule. Of 
course, flawless predictions are implausible in practice. Thus, in real-time opera-
tion, which is not simulated here, the optimization can be run repeatedly at the 
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beginning of each hour to optimize the generation for the rest of the day, taking 
into account the adjusted forecasting information and the corresponding system 
status.  
       
 Start-up time, shut-down time, Minimum on/off time are not considered: For the 
ICE/Stirling-based µCHP systems, the µCHP unit can be generally started very 
fast within a few minutes. In order to prevent frequent on-off switches of the en-
gine, the minimum on/off times of 30 minutes or an hour are normally required 
by the manufactures [a35],[a36][a37]. As the simulation is carried on hourly ba-
sis, these technical constraints are modeled. For the gas-fired boiler, it is also as-
sumed the start-up and shut down occur instantaneously. 
 
 System efficiencies: Linear generation characteristic for the µCHP unit is as-
sumed, resulting fairly realistic system efficiencies for part-load and full-load 
conditions.  As for the gas-fired boiler, constant thermal efficiency is assumed as 
long as the boiler is on. 
 
 Heat storage modeling:  The storage can be placed either in parallel or in series 
with the µCHP unit depending on the thermal load and the desired flexibility 
level. Small water tanks between 75 and 400 liters are normally placed in series 
with the µCHP system to meet the needs of space heating and domestic hot wa-
ter for typical households. For the multi-family houses and buildings, the sizes 
for water tanks can go as large as 2000 liters and be placed in parallel with the 
µCHP unit [a56][r10]. In this case, as the XRGI 15 µCHP is simulated to meet 
the energy needs of a Danish multi-family house, the storage configuration is 
chosen as in parallel with the µCHP unit, shown in Figure 4-4 as recommend by 
[a38]. In this storage tank, the hot water (top) and cold water (bottom) is divided 
through a separating layer. When heat is produced by the µCHP unit than the 
heat demand, the hot water is injected in top of the storage tank. This way of 
storing heat allows the storage to store almost a full tank of hot water which can 
be delivered when it is required. If the temperature for the cold water Tcold  and 
the temperature for the hot water Thot  is provided, the maximum capacity of the 
storage can be calculated as ݄௦௠௔௫ ൌ ݉ܿ߂ܶ, where ݉ is the mass of water in the 
storage in kg, ܿ is the specific heat capacity of water equals to 4.18J/(kg K) and  
߂ܶ is the temperature difference. Furthermore, in the hourly based simulation, it 
is assumed that the lossless heat tank can be fully charged/discharged within one 
hour.  
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Figure 4-4: Heat storage configuration 
 
 Heat dump is not allowed:  Even though dumping the heat is possible and can pro-
vide more flexibility for electricity production. In this case, heat dump is banned due 
to the concern of energy wasting. 
 
Based on the above assumptions, parameters for the XRGI15 based µCHP system are 
given in Table 4-1.  ݄௦௠௔௫ ൌ 28ܹ݄݇ 
 
Table 4-1: Parameters of the simulated XRGI15 µCHP system 
Parameter   Comment 
݁௖௛௣௠௔௫ ൌ 15.2ܹ݇  Maximum and minimum electrical output of the µCHP unit  
݁௖௛௣௠௜௡ ൌ 6ܹ݇  
݄௖௛௣௠௔௫ ൌ 29.78ܹ݇  Maximum and minimum thermal output of the µCHP unit  
݄௖௛௣௠௜௡ ൌ 16.9ܹ݇  
௖݂௛௣௠௔௫ ൌ 49.82ܹ݇  Maximum and minimum fuel input of the µCHP unit 
௖݂௛௣௠௜௡ ൌ 25.9ܹ݇  
ܽଵ ൌ 1.4, ܾଵ ൌ 8.5 
ܽଶ ൌ 2.6, ܾଶ ൌ 10.3  
Parameters in generation characteristic equations of µCHP unit 
(linear equations) 
݄௦௠௔௫ ൌ 28ܹ݄݇   Heat tank is in size of 475 liters with temperature range 20°C – 
70 °C.  ݄௦௠௜௡ ൌ 0ܹ݄݇   
௕݂௠௔௫ ൌ 50ܹ݄݇  Maximum fuel input of the gas-fired boiler 
 ߟ௕ ൌ 80% Boiler efficiency 
 
4.2 Modeling the optimized operation of a direct controlled Vir-
tual Power Plant 
To explain the optimized operation of the direct controlled scheme, a µCHP systems 
constituted VPP, as shown in Figure 4-5, is modeled based on the model depicted in 
section 4.1. Each µCHP system is installed at the corresponding prosumer’s household. 
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Figure 4-5: System structure for a n µCHP systems constituted VPP 
 
After being aggregated by the direct controlled VPP, the prosumers will follow the dis-
patch orders delivered by VPP and the VPP functions as the energy supplier of the pro-
sumer group. The objective of VPP thus turns into minimizing the overall system cost 
as well as assuring the energy supply of every prosumer.  
 
Overall system cost can be expressed by (4.16), when the VPP is assumed to participate 
in the day-ahead market trading. Under this assumption, the electricity bought/sold 
from/to the wholesale spot market ݁௩௣௣ሺݐሻ will be priced at the corresponding hourly 
price ߨ௘ሺݐሻ. And in the real-time operation, this optimization process is repeated follow-
ing the updated forecasting information, balancing requirement and the economic sig-
nals. 
 
 ܥܱܵܶ ൌ෍ܿ݋ݏݐ௩௣௣ሺݐሻ
்
௧ୀଵ
ൌ෍ ௩݂௣௣ሺݐሻ · ߨ௙ሺݐሻ ൅ ݁௩௣௣ሺݐሻ
ே
௜ୀଵ
· ߨ௘ሺݐሻ ( 4.16 )
 
And the overall fuel consumption ௩݂௣௣ሺݐሻ and electricity exchange ݁௩௣௣ሺݐሻ with the grid 
for every single hour t are expressed in (4.17) and (4.18).  
 
 ௩݂௣௣ሺݐሻ ൌ෍ሾ ௖݂௛௣,௜ሺݐሻ ൅ ௕݂,௜ሺݐሻሿ
ே
௜ୀଵ
 ( 4.17 )
 ݁௩௣௣ሺݐሻ ൌ෍ሾ݁ௗ,௜ሺݐሻ െ ݁௖௛௣,௜ሺݐሻሿ
ே
௜ୀଵ
 ( 4.18 )
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From (4.18), it can be found that the electricity generation within VPP is actually shared 
within the VPP framework before being traded in the market. In an ideal situation, it is 
even possible to assume there is a global heating network which further allows a shared 
heat production and heat storages within in the VPP framework; however, this turns out 
to be implausible for the present network since the heating network, unlike the electrici-
ty grid, is generally built for a limited area. Thus, besides changes made above, the op-
timization problem that has to be solved by the VPP still have to be subject to the local 
constraints from (4.1) to (4.10) for every prosumer. As for equation (4.15), this unit 
dependent constraint can be extended to system wide as given by (4.19). This extension 
excludes the heat cost incurred by initial stored heat when a short term optimization is 
performed. 
 
 ෍݄௦,௜ሺ0ሻ
ே
௧ୀଵ
ൌ෍݄௦,௜ሺܶሻ
ே
௜ୀଵ
 ( 4.19 )
 
The above described operation strategy can be taken as one kind of model predictive 
control (MPC) [a41][a42] , the control actions exercised by VPP are based on all rele-
vant information about the VPP system (models for the prosumer group) and the exter-
nal factors (demand and electricity prices). The overall control schematic for the mod-
eled direct controlled VPP is given in Figure 4-6. Disturbances in the real-time opera-
tion can be either caused by the internal variations (load variations and forecasting er-
rors, etc.) or coming from externally (possible intraday transactions or requirements 
from other parties like TSO due to security concerns). In the following simulation, the 
predictions are assumed to be perfect and the control actions can be carried out flawless-
ly.  
 
Figure 4-6: Schematic of MPC for direct controlled VPP 
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4.3 Simulating a 10µCHP constituted Virtual Power Plant 
In this section, 10 identical XRGI15 µCHP systems, based on the models and parame-
ters given in section 4.1  have been deployed in 10 Danish multi-family houses. These 
prosumers are further aggregated by a direct controlled VPP, which intends to trade 
electricity in the day-ahead electricity market while meeting energy demand of these 
prosumers. 10 winter day load profiles which are assumed to be forecasted day-ahead 
are generated6 and applied to the 10 prosumers respectively as shown in Figure 4-7, and 
the forecasted electricity spot price for that winter day in 2006 is taken from [w12] and 
shown in Figure 4-8.  The heat peak load takes place twice in the typical winter day at 
around 7am and 8pm respectively. While the electricity peak load occurs at night 
around 7pm, at which time the electricity price also reaches the peak value of that day. 
 
 
Figure 4-7: Winter load profiles of the10 multi-family houses 
 
 
Figure 4-8: Electricity spot prices for the simulated winter day 
                                                 
6 Details of generating the load profiles are given in Appendix A. 
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For this single day simulation, the total time steps T is given to be 24 and the number of 
µCHP systems n is assigned to be 10. The natural gas price is assumed to be 
0.36dkk/kWh (excl. tax) for all simulated hours [a39]. And the General Algebraic Mod-
eling System (GAMS) is used to model and solve the corresponding problem. 
4.3.1 Generation schedule derived from day-ahead  
Provided the demand and price information known day-ahead, the VPP can solve the 
MIP problem and deliver the generation schedule for every prosumer ݁௖௛௣,௜ሺݐሻ , as given 
in Table 4-2.  
 
Table 4-2: Hourly generation schedule for individual µCHP system 
(Total system cost=3056DKK, solving this problem takes 998.28sec with GAMS) 
 
 
Based on the individual generation schedules, the aggregated generation schedule of can 
be derived, as shown in Figure 4-9. The red bars indicate the amount of electricity that 
the VPP is willing to produce and sell at the corresponding hourly spot price, while the 
blue bars represent the amount of electricity it has to buy from the electricity day-ahead 
market. The resulted difference between the amount of electricity to buy and to sell will 
be transformed into the bids/offers submitted to the day-ahead market. Once the transac-
tion is completed, the individual generation schedules will be delivered to each prosu-
mer and implemented in the next day. 
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Figure 4-9: Aggregated transaction schedule of the VPP 
4.3.2 Redispatch in the real hour 
In the real hour operation, there are internal unbalances due to forecasting errors and 
also possibilities for the VPP to trade electricity again in the intra-day market (ex-
change) or through the over-the-counter contract (bilateral contract) to increase the rev-
enue or to hedge the risk. Therefore, the decision makings faced VPP operator is a con-
tinuous process and redispatch is carried out to minimize the incurred balancing cost. 
 
In these cases, the predicted information included in the MPC covers the estimated un-
balance and the regulating prices. Generally, it can be assumed that for a given hour the 
internal unbalance due to forecasting errors before redispatch for that hour is estimated 
as ∆ܲሺݐሻ. And the energy balance for that hour during redispatch has to be reformulated 
as given in (4.20). (To get rid of the symbol conflictions, a prime symbol is added to 
every variable described above.) It means that the VPP can reduce the unbalance inter-
nally by redispatching the µCHP systems, resulting in the modified energy exchange 
with the grid ݁ᇱ௩௣௣ሺݐሻ. 
 
 ෍݁ᇱ௖௛௣,௜ሺݐሻ
ே
௜ୀଵ
൅ ݁ᇱ௩௣௣ሺݐሻ ൌ෍݁ௗ,௜ሺݐሻ ൅ ∆ܲ
ே
௜ୀଵ
ሺݐሻ ( 4.20 )
 
The real unbalance after redispatch that will be penalized by TSO is thus the difference 
between the day-ahead committed amount of energy exchange and energy exchanged in 
real-time ∆ܲᇱሺݐሻ can be found as in (4.21). 
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 ∆ܲᇱሺݐሻ ൌ ݁௩௣௣ሺݐሻ െ ݁ᇱ௩௣௣ሺݐሻ ൌ෍݁ᇱ௖௛௣,௜ሺݐሻ
ே
௜ୀଵ
െ෍݁௖௛௣,௜ሺݐሻ
ே
௜ୀଵ
െ ∆ܲሺݐሻ ( 4.21 )
 
The hourly cost which after redispatch is expressed in (4.22).  
 
 ܿ݋ݏݐᇱ௩௣௣ሺݐሻ ൌ෍݂ᇱ௩௣௣ሺݐሻ · ߨ௙ሺݐሻ ൅ ݁௩௣௣ሺݐሻ
ே
௜ୀଵ
· ߨ௘ሺݐሻ ൅ ∆ܲᇱሺݐሻ · ߨ௥௘௚ሺݐሻ ( 4.22 )
where  
 
 ߨ௥௘௚ሺݐሻ ൌ ቊߨ௘,௨௣
ሺݐሻ         ݂݅ ∆ܲᇱሺݐሻ ൒ 0
ߨ௘,ௗ௢௪௡ሺݐሻ      ݂݅∆ܲᇱሺݐሻ ൏ 0 ( 4.23 )
 
The reformulated cost function includes the fuel cost after the system being redis-
patched, the cost for already committed energy exchange and the balancing cost charged 
by TSO. In (4.23) the balancing price is expressed, implying both underproduction situ-
ations and overproduction situations will be punished by the TSO7. Therefore, by mini-
mizing the overall cost as given in (4.24), the system can be optimally redispached tak-
ing into account the forecasted unbalances for every hour and the associated balancing 
cost. During this optimization, constraints (4.1) to (4.13) and (4.17) to (4.19) still have 
to be satisfied, however all variables inside are replaced by the same expressions with 
primes respectively, indicating the redispatched system information. 
 ܥܱܵܶԢ ൌ෍ܿ݋ݏݐᇱ௩௣௣ሺݐሻ
்
௧ୀଵ
 ( 4.24 )
 
In this section, a special case is simulated. It is assumed that 50kWh extra generation is 
required for the 1st hour of the operation day by the TSO as a balancing requirement 
since the VPP has unused generation capacity and the VPP does not have any internal 
unbalances. Apparently, to fulfill this order, the VPP has to redispatch the µCHP sys-
tems and this operation may result in deviations from the scheduled generation for the 
following hours. If the VPP cannot mitigate the resulted unbalance before the delivery, 
these deviations will be penalized at balancing prices posted by the TSO. Thus, the VPP 
has to redispatch the µCHP systems in order to minimize the extra cost associated with 
the 50kWh generation. 
 
                                                 
7 This is not always true. In practice, the supply and demand mismatch has to be mitigated by the TSO 
through the regulating market. If a genco can not produce as much as contracted, the genco has to buy 
balancing power from the TSO at the up regulation price, which is normally higher than the spot market 
price.  If it produces more than contracted, the genco has to sell the balancing the excessive production to 
the TSO at the down regulation price, which is normally lower than the spot price.  
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To emulate the decision making for redispatch, the problem is reformulated based on 
the pre-described redispatch model. By assuming no internal imbalances caused by fo-
recasting errors, the reformulated energy balance for hour 1 is expressed by (4.25), and 
∆ܲሺݐሻ is therefore zero. 
 
 ∆ܲᇱሺ1ሻ ൌ෍݁ᇱ௖௛௣,௜ሺ1ሻ
ଵ଴
௜ୀଵ
െ෍݁௖௛௣,௜ሺ1ሻ
ଵ଴
௜ୀଵ
ൌ 50 ( 4.25 )
 
The corresponding overall cost objective function is given in (4.26). The 50kWh in-
curred regulating cost is subtracted from the system cost since the extra generation is 
called by TSO as balancing services.  
 
 
ܥܱܵܶᇱ ൌ෍ሾ෍݂ᇱ௩௣௣ሺݐሻ · ߨ௙ሺݐሻ ൅ ݁௩௣௣ሺݐሻ
ே
௜ୀଵ
· ߨ௘ሺݐሻ ൅ ∆ܲᇱሺݐሻ · ߨ௥௘௚ሺݐሻሿ
்
௧ୀଵ
െ 50 · 
ߨ௘,௨௣ሺ1ሻ                                                                             ( 4.26 )
 
If up and down regulating prices for all 24 hours are assumed to be to as high as 
11.2DKK/kWh and -11.2DKK/kWh (1.5euro/kWh) respectively8, by solving the refor-
mulated MIP problem, the rescheduled generation for individual µCHP system is found 
as in Table 4-3, and the resulted minimum system cost is founded as 3129DKK. Com-
pared to original scheduled system cost 3056DKK, the additional cost caused by deli-
vering the 50kWh to the third party is 73DKK. And the TSO should pay VPP at least 
1.46DKK/kWh as the cost for calling this balancing service. Therefore, by providing 
this balancing service, VPP can make 50*(11.2-1.46) = 487DKK. On the contrary, if 
this 50kWh is the internal unbalance of VPP that caused bad forecasting, by making this 
kind of optimal redispatch, VPP can save 487DKK from the reduced payment on the 
unbalance cost. In Table 4-4, the resulted deviations from the original schedule are giv-
en, showing the generation schedule collected after redispatch is very close to the origi-
nal schedule in the case of high regulating prices.  
 
 
 
 
 
                                                 
8 In practice, the balancing prices are not like the provided extremely high values, unless large system 
unbalances are encountered.  Here, the high balancing prices are assumed to indicate the fact that the real-
time deviations from the scheduled generation are heavily penalized by the TSO. In such case, the VPP 
operator should try to keep the redispatched generation schedule as close as the original generation sche-
dule. 
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Table 4-3: Rescheduled generation for individual µCHP system 
 
 
Table 4-4: Deviations from the original generation schedule 
 
 
The above elaborated redispatch program, as a result, decides and regulates the opera-
tion for the 1st hour and delivers the updated schedule for the following hours of the 
corresponding day. In case the VPP encounters real-time unbalances or is called to pro-
vide balancing services, this program can be recalled repeatedly to make optimal real-
time redispatch.    
 
4.4 Summary and discussions  
This chapter looked into the optimized operation of the direct controlled VPP with 
µCHP systems. Through the aggregation, the prosumers with µCHP installations can 
benefit from the volatility of wholesale electricity prices. The economic benefits 
brought to individual prosumers are not analyzed in the chapter, but can be found in 
[a24] (also attached to Appendix D) which reports that when the electricity tariff for the 
µCHP system is changed from the fixed tariff to the hourly market spot prices a single 
prosumer can make around extra 20 euro earnings per year. Even though the earning is 
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very little, around 1000 kWh extra electricity can be generated at mostly high spot price 
periods in a year which can significantly help to meet the electricity scarce of peak load 
periods. Further, as simulated in section 4.3, the aggregation allows the prosumers to 
provide balancing services to the parties in need, which can also bring in extra earnings 
to the prosumers and contribute to the overall system operation. 
 
The µCHP system modeled in this chapter is a very specific system with linear genera-
tion characteristics and some stringent constraints. Relaxing the constraints such as pro-
hibition of heat dump can affect the decisions made by the VPP and the associated eco-
nomic performance. However, usage of the least cost control algorithm simulated in this 
chapter is not limited to the presented µCHP and VPP system.   
 
For the presented direct controlled VPP with an extremely centralized control structure, 
the VPP operator schedules the DER plants and issues dispatch instructions to modulate 
output in the light of changing conditions. The operator may also arrange ancillary ser-
vices, such as frequency response and voltage control and sell these services through the 
related market. In [a40], the direct-controlled operation scheme for the VPP is demon-
strated to show the possibility of providing reactive power supply with the objective to 
minimize network congestions and operational costs. In case the VPP wants to achieve 
multiple value streams such as providing different services simultaneously, these prob-
lems can be formulated as multi-objective optimization problems to support the decision 
makings.  
   
In principle, operating the direct-controlled VPP has no difference compared to operat-
ing a conventional power plant as long as the communication is flawless. However the 
computation load and information load incurred during the decision making process will 
be quite heavy for when a huge number of small units are grouped. If the deterministic 
models are replaced by stochastic models, these problems will be much more intracta-
ble. Apparently, it would be almost impossible for the VPP to make optimal real-time 
decisions if thousands of prosumers are waiting for orders. As a result, if a VPP wants 
to aggregate a large number of DER devices, decentralized control structure becomes a 
necessity.  
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5 PRICE SIGNAL CONTROLLED VIRTUAL POW-
ER PLANT 
As a special group of technologies dedicated to the high efficient electrical genera-
tion/consumption at the customer side, the prospect of independent ownership for DER 
is inevitable. In response to the growing number of these units, the VPP-like aggrega-
tors require new means for coordinating the DER operations rather than simply choos-
ing the centralized control schemes. This need is mainly due to the following concerns 
associated with the centralized control schemes: a) the enormous investment in upgrad-
ing the current communication system to a fast and reliable two-way communication 
system; b) the ever-increasing computation requirement for optimally deciding the set-
ting points for thousands or more DER devices; c) the unfavorable opinions on letting 
other parties control the devices installed at private residential premises; d) the vendor 
lock-in issues may arise since an individual VPP has to install its own smart boxes em-
bedded with its own VPP- logic at all the customer side to exactly execute the VPP or-
ders.  
 
This chapter looks into one mechanism available for the VPP to coordinate a great 
number of small-scale individual units on different time scales, known as “price signal 
control” or “price-based control”.  Under this scheme, the relationship between VPP and 
DER can be simply described as “rate and react”.  The VPP conveys the appropriate 
real-time price signals to the DER to regulate the electricity generation/consumption 
(one-way communication), while the DER can decide to react or not based on their local 
context. The HEMS, which centrally aggregates and controls the DER and other passive 
loads at home-level, can integrate the control systems of different DER and other neces-
sary functions e.g. logging, reporting, etc., and function as the local price-responsive 
controllers.  
 
The theory and development of “price signal control” is briefly reviewed in Section 5.1. 
In Section 5.2 the price signal controlled VPP scheme is proposed and explained. This 
idea is further demonstrated in Section5.3 by modeling and simulating a VPP with 100 
prosumers. The DER devices based on different µCHP technologies such as ICE-based 
µCHP systems and PEMFC µCHP systems, etc. are installed at the individual premises 
of each prosumer. The simulated VPP uses Artificial Neural Network (ANN) based 
identification model to estimate the price responsiveness of the prosumer group. The 
chapter ends with discussions and conclusions in Section 5.4. 
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5.1 Theory and development of price signal control 
In early 1980s, “spot pricing” also known as responsive pricing or real-time pricing, 
was developed by Fred C. Schweppe and his coworkers. Their ideas were detailed pre-
sented in [b5] with mathematical derivation and descriptive discussions. The spot price 
depicted in [b5] , in general terms, is developed based on energy marketplace and re-
flects the operation and capital costs of generating, transmitting and distributing elec-
tricity for a specific moment. From then on, the topic of price signal operation of elec-
trical power systems becomes attractive to every party involved in the electric power 
system society: the utilities, the system operators, the market operators, the researchers 
and the engineers, etc.  
 
The basic theory of price signal control can be found in Figure 5-1, which illustrates 
how a current liberalized electricity market is cleared. The market clearing price or 
equilibrium price  is found when the quantity that suppliers are willing to provide is 
equal to the quantity that consumers are willing to obtain. In this market, both supply 
curve and demand curve are derived from the independent actions of suppliers and cus-
tomers as they respond to price changes according to their own price elasticity9. If the 
market clearing price is deliberately changed, such balance between supply and demand 
is obviously broken; however, it straightforward shows the feasibility of price signal 
control. 
 
Figure 5-1: Market clearing in a liberalized electricity market 
 
                                                 
9 Price elasticity is defined as the percent change in quantity (demand or supply) for a given percent 
change in price. 
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5.1.1 Controlling the generation 
In a electricity market, the supply side is constituted by a number of generators based on 
diversified generation technologies. Since the production of a single generator i is very 
small compared to the size of the market, the market price hardly can be affected by the 
its generation ௜ܲ , expressing the fact that  this generator is a price-taker.As all genera-
tors can be characterized most basically as a device capable of delivering at any given 
time electricity at a price which makes its running profitable, their decision making 
process can be formulated by solving an optimization problem. The objective is given 
by (5.1) as maximizing the difference between the revenue resulting from the sale of the 
electricity it produces and the cost of producing this amount of energy, subject to con-
straints like (5.2) which guarantees the profitable generation and (5.3) which depends on 
the technical characteristic of a generator10.  
 
 max ܲݎ݋݂݅ݐሺ݅ሻ ൌ max ሾߨ · ௜ܲ െ ܥ௜ሺ ௜ܲሻሿ  ( 5.1 ) 
 
where ௜ܲ is the power produced by generator i during a certain period, ߨ is the price at 
which the electricity is sold and  ܥ௜ሺ ௜ܲሻ is the cost of producing the electricity.  
 
 ߨ · ௜ܲ െ ܥ௜ሺ ௜ܲሻ ൐ 0  ( 5.2 ) 
 ௠ܲ௜௡,௜ ൑ ௜ܲ ൑ ௠ܲ௔௫,௜  ( 5.3 ) 
 
Apparently, changing the electricity price to a great extent affects the decision made by 
a generating company. Even though the price responsiveness of a generator, which im-
plies how a generator responds to different market prices, is tightly related to the gene-
rator characteristics e.g. cost functions (quadratic or piecewise linear, etc.) and technical 
constraints, and often unknown to the system operators, there exits the feasibility of 
controlling the generation with price signal. 
 
Such feasibility has been thoroughly investigated by Alvarado and his co-workers. In 
[a43][a43][a45][a46][a47], from the perspective of an independent system operator 
(ISO), they have addressed a set of issues arisen when using price signal control when 
the cost information of individual generators are unknown, including the requirement on 
cost functions (quadratic or piecewise linear), the response dynamics, non-stationary 
costs and market power issues.   
 
1) Regarding the cost function issues, the authors concluded that a system with its 
generators’ cost functions expressed in quadratic manners can be optimally con-
trolled by the ISO who could post correct price signals based on his knowledge 
                                                 
10 For simplicity purposes, a lot of physical constraints associated with the characteristic of a power plant, 
e.g. minimum on/off time, reservoir limits for associated storage facilities, etc. are not listed.  
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over the cost functions. Such knowledge can be obtained by carrying out enough 
observations about the behaviors of the generators to price signals when their 
cost functions are unknown. About the linear cost functions, although their all-
on all-off characteristics seem erratic under extreme conditions, the involvement 
of line losses in finding the optimal price signals could improve the result since 
the line losses can be expressed by quadratic functions of the power injection at 
either node of a power line. 
 
2) Response dynamics of price signal control refers to the delays incurred within 
this system. These delays can be caused by either the price makers in determin-
ing and posting of prices or the generators who have ramping rate limitations. 
Although these delays can not be eliminated, when appropriate time cycle for 
the price adjustment is selected, it would be possible to attain a “near optimal” 
cycle response by alternating sequence of prices.  
 
3) When the costs of generation vary over time, the difficulty of an ISO to predict 
the generators’ response to a posted price is greatly increased. One way to ad-
dress this issue is to investigate a more complete model of the generator cost 
structure and try to identify the corresponding parameters through a series of ob-
servations. Another way for ISO to solve this issue is to use feedback observa-
tions and find out the generators which have the non-stationary costs and reeva-
luate the price response based on updated information. 
 
4) In the case of control by price, the only way for a generator to exercise its mar-
ket power is to withhold its generation capacity and wait for a higher price. To 
detect the market power, the consistency between the predicted behavior and ac-
tual behaviors for price-taking generators can be checked. Therefore, the market 
monitoring schemes should also be integrated into the price signal control sys-
tem.  
 
In practice, controlling the generation by price signals may be often seen as using Loca-
tional Marginal Prices (LMPs), also called nodal prices, to manage the efficient use of 
the transmission system when congestion occurs on the bulk power grid. Such market 
pricing method is widely used in PJM, New York systems, New England markets in the 
USA and in New Zealand. Generators are paid location-specific prices which are de-
rived from a bid-based, security-constrained, economic dispatch. In [w13], a detailed 
description about how to calculate the LMP can be found. However, as the generators 
have to bid in the market rather than waiting for a posted price, the issues mentioned 
with price signal control are not fully reflected by the LMP-based market operations. 
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Another example of using price to control the generation can be found in [a48], wherein 
a special price signal controller is developed for the generators in India to meet the re-
quirement of improving the behavior of system frequency. In India, the unscheduled 
interchange (UI) of a generator is priced according to the frequency change, as shown in 
Figure 5-2. In case the real-time generation deviates from its scheduled output, the UI 
rate will be used to price the deviation in every 15 minutes. Under this circumstance, an 
automatic price signal controller was introduced to replace the manual control. Also, 
there is a lack of practical information to evaluate this frequency related price signal 
control scheme.  
 
 
 Figure 5-2: UI price vs system frequency 
 
5.1.2 Controlling the demand side 
In reality, the demand curve, which was shown in Figure 5-1, looks more like a hockey 
stick as illustrated by D1 in Figure 5-3. The crossing point between supply curve S and 
the inelastic demand curve D1 indicates a relatively high electricity price π1. If the de-
mand side can achieve more elasticity, as illustrated by D2, a certain demand reduction 
will result in a significant price drop, which implies a huge amount of saving on the 
generation cost. 
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Figure 5-3: Principle of demand response 
To manage the customer consumption of electricity in response to supply conditions and 
achieve more demand side elasticity, time-based pricing, which is used to price the elec-
tricity sold in the retail market, have been widely used by the utilities for many years 
[a56][r11]. Although in some sense time-based pricing is often seen as an incentive 
which results in voluntary customer responses, from the utility’s perspective, it also can 
be regarded as an open loop control wherein the utility has to predict the price response. 
Normally, time-based pricing includes both static time-varying retail prices generally 
called Time-of-Use (TOU) prices and dynamic prices.  
 
TOU prices are always preset for specific time periods of a day; usually including peak, 
shoulder and off-peak three time blocks. The rates for each time block are adjusted 
normally a few times per year, leading to the fact that the price is the same at a given 
period of day throughout a whole season. Despite such pricing scheme neither captures 
the hour-by-hour variation in the wholesale cost of electricity nor contributes to the real-
time power system operation, many electricity consumers especially large industrial and 
commercial customers have adjusted their electricity usage in accordance to the TOU 
prices which helps to shifting the load out of the peak load hours and increase the price 
elasticity on demand side [a49]. 
 
Compared to the static prices, dynamic prices are allowed to change more frequently, 
often a day of less. Being the most often used two types of dynamic pricing schemes, 
Critical Peak Pricing (CPP) and Real-time Pricing (RTP) are developed to capture the 
electricity market changes and encourage the demand elasticity.  
 
CPP allows for the retailer to occasionally declare high retail price for critical peak 
hours for a limited number of times in a year. When this program is called on, the cus-
tomers will be notified in advance that the relatively high peak prices are approaching. 
Since CPP value is not necessarily the market value of the power, it can be any value 
that is necessary to obtain the desired amount of load reduction.  Therefore, to deter-
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mine the CPP tariff, a thorough study on the demand elasticity has to be carried out. As 
denoted in [a49][a50], CPP is more effective than TOU in increasing the demand side 
elasticity and can result in a moderate level of reduction of annual electricity bills for 
different group of customers.  
 
RTP introduces economic incentives by allowing the retail price to change hourly or at 
even shorter time intervals. The real-time price for each hour can be announced in ad-
vance from a few minutes to a day. Obviously, a shorter lag time between the price an-
nouncement and the price implementation will result in prices that more accurately re-
flect the actual situation of the electricity market and power system operation. In prac-
tice, the RTP can be applied either alone (one-part tariff) or together with a standard 
energy price (two-part tariff).  In a one-part RTP tariff, it typically reflects the marginal 
generation cost of that moment. While two-part RTP tariff is commonly used by the 
utilities wherein a customer baseline load shape is formed based upon his historical load 
prior to going on RTP. The baseline load, regardless of the real consumption will be 
charged at a standard energy charge and the hourly load deviations from the baseline are 
priced at RTP. In both cases, the RTP has to be calculated and posted before all settle-
ment computations have been finalized in order to stimulate the customers’ interest in 
responding to the varying price signals. From the perspective of the retailers, this re-
quires them to have more accurate load forecast based on the statistical study of histori-
cal price responsiveness of their customers in order to minimize the forecast error. Al-
though the real RTP should the real-time marginal generation cost for meeting the real-
time demand, a portion of the estimated benefits or costs used for risk hedging might be 
added by the retailers, resulting higher values of RTP. In terms of the advantages intro-
duced by RTP, a lot of experience accumulated in pilot projects described in 
[a56][r12][r14] and [a51] shows that RTP could have significant impacts on increasing 
the demand side elasticity and reducing the electricity bills for the customers. 
 
5.1.3 Price responsiveness of Distributed Energy Resources 
Basically, DER is no different than the conventional generation technologies or demand 
response programs, and can also be controlled by price signals. Despite the control algo-
rithms implemented by the DER manufacturers, the short-term price responsiveness of 
different DER technologies is closely dependent on their short-term economics and can 
be classified into three categories: cost-based response, users’ willingness based re-
sponse and the response of the DER which rely on the intermittent renewable energy 
resources.  
 
Cost-based response: In this group, DER technologies running on fossil fuels like the 
diesel/gas generators have specific amounts of operation costs to be recovered. Thus 
their price responsiveness depends on the fuel price and the parameters e.g. start-
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up/shut-down costs, generator fuel rate and least-on/off time, etc. of the DER which 
contribute to their cost functions. The electricity price history does not play a role here. 
 
Users’ willingness based response: Compared to the DER technologies listed in the 
former group, the price responsive loads e.g. the heat pumps, etc. and the storage tech-
nologies e.g. batteries for EVs, etc. are more dependent on the users’ willingness on 
shifting their consumption from a relatively high price period to a low price period.  
Thus the price responsiveness of the DER within this group is highly related to the elec-
tricity price since the users will use it to weigh the money gains and the comfort losses. 
 
Renewable DER with intermittent characteristic: Renewable DER with intermittent 
generation characteristics like wind turbines and PVs, where the output is controlled by 
the ambient conditions, may response to any positive price signals and generate as much 
as they can due to their little variable costs. 
 
It has to be noted that the price responsiveness of some DER technologies can be found 
based on a mix of the cost-based response and willingness based response. The µCHP is 
a good example of these DER technologies. Because the µCHP is primarily used to 
meet the thermal demand of the local premises, the coupled electricity production is 
normally considered as by-product. In such case, to regulate the electricity production of 
a µCHP implies the change of its thermal production which in turn affects the user com-
fort. However the electricity generation could also depend on the cost of operation if the 
users’ comfort can be guaranteed by the involvement of a heat storage buffer. Several 
examples about the price-responsiveness of the µCHP system can be found in [a52] 
(also given in Appendix D). For the µCHP systems, when linear models are used to 
represent the generation characteristics, they always produce at the maximum or the 
minimum generation level when the electricity price is above the system marginal cost 
and there is enough storage capacity available in the water tanks. This implies the fact 
that using price signals to control the µCHP systems are much more like an all on or all 
off control when the aggregated µCHP systems are identical. To tackle this problem, the 
price signal controlled VPP must have a mixed generation portfolio. 
 
5.2 Developing price signal controlled Virtual Power Plant 
In a VPP, the DER are aggregated in order to break the electricity market capacity bar-
rier for profitable transactions or to provide specific services such as load following, 
load peak shaving, energy balancing and power balancing, etc. to the other entities. As 
the DER are typically in range of several to tens of kW, to reach a generation capacity 
level comparable to a conventional power plant requires hundreds to thousands of these 
small-scale units to be aggregated by the VPP. For the conventional direct centralized 
control scheme, computation load and communication load is inevitably high for the 
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VPP operation system. Alternatively, the “price signal control” concept is more suited 
to control a large number of small-scale units as the computation load is distributed to 
every single DER unit and the information need to be communicated between VPP and 
DER in real-time (e.g. every 15 minutes) is only the price signal and the metered data if 
necessary. It is also possible that the metered data for individual DER is stored in a local 
database and delivered to VPP with a much lower frequency (e.g. once per day) to per-
form subsequent settlement.  
 
In Figure 5-4, one possible structure of the price signal controlled VPP is presented. 
The VPP server mainly comprises three functional modules: Prediction, Identification 
and Optimization.  
 
Prediction: The response of DER to price signals as discussed in section 5.1.3 depends 
on not only the technical characteristic DER but also the local context such as electrical 
and thermal demand, wind speed , etc. In order to predict the DER price response, these 
information is necessary. Besides, VPP may also have to forecast the market price in 
order to develop appropriate price signals which benefit both the VPP and the DER 
owners. 
 
Identification: As the knowledge of price responsiveness of the DER participants being 
accumulated, a black box model representing the DER group can be found. With this 
black box model, the VPP operator could estimate the dynamic price response of the 
DER participants. It is not necessary to have only one identification model if the combi-
nation of several models representing the DER response at different periods e.g. seasons 
can result in a better performance. 
 
Optimization: Since the VPP operator is not only a controller of the DER but also a 
market player in the wholesale market, the VPP may have multiple objectives to be ful-
filled. In one case, one may imagine that when the VPP has already forecasted the hour-
ly market prices for the next day, it has to post a number of price signals to the DER 
participants. Instead of posting the true market prices, VPP can alternatively post a set 
of lower prices which may result in almost the same DER response to increase its profit 
margin. In another case when the VPP could sell power at different markets, such as 
spot market and ancillary service market, it also needs the optimization module to help 
with optimal allocation of the available DER resources. 
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Figure 5-4: Structure of a price signal controlled VPP  
 
Once a service request is sent to the VPP, the Optimization module, which follows the 
pre-designed optimization algorithm, will decide and deliver a single or a series of price 
signals based upon the predicated information (e.g. the local demand for the DER group 
in the upcoming price controlled period) provided by the Prediction module and the 
approximate price responsive characteristics of the DER group provided by the Identifi-
cation model. The price signals will be further delivered to the DER group to acquire 
the requested generation. The individual DER unit i , following the posted price signal 
and its local context, will thus deliver the corresponding generation ௚ܲ௘௡ሺ݅ሻ, resulting in 
the overall generation ∑ ௚ܲ௘௡ሺ݅ሻ௡௜ୀଵ  of the VPP, which aggregates n DER devices.  
 
To continuously improve the quality of the Identification model, the information of the 
price signals and the overall generation of the DER group as well as other necessary 
information such as local demand, etc. must be recorded offline, as indicated by the 
dashed arrow lines in Figure 5-4. Likewise, the prediction model should be calibrated, 
in order to guarantee its accuracy on reflecting the future context.  
 
Apparently, this sort of closed loop control considerably reduces the potential commu-
nication overhead in two-way communications compared to the direct controlled VPP 
presented in Chapter 4. Further, as the VPP use the aggregated information to develop 
an identification model, it is less relevant for the VPP to know what kind of DER tech-
nology is being aggregated which further reduces the information volume that has to be 
handled during decision making processes. In other words, the VPP regulates the overall 
electricity generation or demand of a prosumer without knowing what DER devices that 
prosumer have installed. With respect to providing services with very different time 
requirements, the VPP can post price signals at different time scales (e.g. hourly price, 
15-minute price) to keep the consistency. The DER owners are thus granted with more 
freedom in choosing the appropriate price schemes that best fit their DER characteristics 
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and their confort level preferences. Further, the transparency level is also relatively high 
for the DER owners, who can retrieve both the current price and the historical prices.    
 
5.3 Simulating a price signal controlled Virtual Power Plant 
In this section, a price signal controlled VPP with 100 prosumers is simulated. Each 
prosumer here is assumed to have a µCHP system installed at his household. The pro-
sumer aims to optimize the µCHP operation in accordance with his local load demand 
and the external factors such as electricity price and fuel price, etc. broadcasted by the 
VPP. The intention of the VPP is to estimate the price responsiveness of the prosumer 
group under different conditions and to regulate the production of the prosumer group to 
follow pre-defined demand profiles by posting appropriate price signals. ANN is chosen 
to identify the dynamic response to varying price signals of this prosumer group. 
5.3.1 Modeling and simulating the prosumers’ price responsiveness 
In order to emulate the price signal controlled VPP presented before, a group of 100 
prosumers is modeled in this section. In the premises of every prosumer, a µCHP sys-
tem is installed to meet the individual consumption needs of that household. Least cost 
control based µCHP systems, as being modeled in Section5.2, are also applied in this 
section. For each prosumer, the optimization period in this study is selected as one hour 
rather than a whole day. In other words, the prosumer receives the price information for 
the next hour in advance (e.g. a few minutes) and determines the set points of their units 
for that hour only. To diversify the generation portfolios, four different µCHP units 
have been modeled: ICE-based XRGI13 (6-15.2kWe), ICE-based XRGI15 (4-13kWe), 
ICE-based DACHS µCHP unit from Senertec (5.5kWe) and PEMFC µCHP unit (0-
9kWe). Further, the boiler efficiency and heat storage size for each µCHP system are 
randomized within predefined ranges to emulate the fact that the effectiveness of price 
signal control is directly correlated to how different the prosumers respond to price sig-
nals. Details about the generation portfolios can be found in Appendix B. 
 
Demand profiles 
100 demand profiles for the corresponding multi-families are generated on hourly basis 
as described in Appendix A. In the simulation, only the period of January 2006 which 
comprises 744 hours is used. 
 
Historical price signals 
To characterize the dynamic price response of the prosumers to different electricity 
price signals, the VPP needs a data base with historical information. To create such a 
data base, a virtual historical electricity price profile with 7440 random samples is gen-
erated, the histogram of which is given in Figure 5-5 with the bin width of 0.2DKK.  
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The price for natural gas is assumed to be constant at 0.6DKK/kWh during the simula-
tion period. 
 
Figure 5-5: Histogram of the generated electricity prices 
 
The generated electricity prices are taken as the hourly electricity prices posted by VPP 
in 10 consecutive Januaries as given in Figure 5-6. Such a price profile with very high 
volatility can be imagined as real hourly prices for a system with very high wind power 
penetration. The reason for not using the real spot market prices is due to the fact that to 
recognize the overall price responsiveness of the prosumer group, the price scenarios 
should not have a recognizable pattern like the real market prices which can only reflect 
how the DER respond to that price pattern. 
 
Accordingly, the demand profile of January 2006, which includes 744 hourly demand 
values, is also repeated 10 times to establish a larger data sample. In order to better cap-
ture the price-responsiveness for the prosumer group under a certain circumstances such 
as a typical winter day, adequate price scenarios have to be simulated. For instance, if 
one price scenario results in one corresponding prosumer response based on one given 
demand profile for that hour, to fully capture a price change from 0.5DKK/kWh to 
1DKK/kWh with a step change of 0.02DKK/kWh, 50 price scenarios are needed for 
that hour. As the prosumer group also has storage devices installed in their premises, the 
number of price scenarios in need becomes much larger since the simulated prosumer’s 
response to the price signals not only depends on the current demand and prices, etc., 
but also relies on his former actions. For a day with 24 consecutive hours, if each hour 
has 50 price scenarios, provided a given load profile for that day, there will be 5024 price 
paths that may lead to different generation values. Apparently, when the prosumer 
group is taken as a black box, adequate historical data is important to the identification 
quality. Thus, for illustrative purpose, it is assumed that the aggregated prosumer res-
ponses in January to price signals are accumulated from 10 identical winter months.  
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Figure 5-6: Electricity price posted by VPP for the first 100 hours of January 2006 
 
Aggregated response 
By applying the 7440 price signals to the prosumers in sequence, the response to the 
price variations of every individual prosumer under different context of demand can be 
found. According to the proposed operation scheme, the VPP observe the aggregated 
response at the end of each hour as shown in Figure 5-7 and use this information as the 
input to its identification model. 
 
Figure 5-7: Aggregated generation and demand for the first 100 hours of January 2006 
 
5.3.2 Identifying the price responsiveness with Artificial Neural 
Network 
To identify the dynamic price responsiveness of the 100 prosumers, an Artificial Neural 
Network (ANN) with three layers is used as the identification tool. The input-out data 
for identification are collected from the simulation run in section 5.3.1 and the Back 
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Propagation (BP) training method is used to adjust the weights between neurons. The 
goal is to find the appropriate values for the weights that minimize the Root Mean 
Square (RMS) error between the identification data and the output of the network. This 
kind of networks has been claimed quite powerful in solving complex problems. For 
instance, a network of two layers, where the first layer is sigmoid and the second layer 
is linear can be trained to approximate any function (with a finite number of discontinui-
ties) arbitrarily well. For more information about the BPNN and the notations given in 
Figure 5-8, one can read [w14]. The NN toolbox of Matlab 2009a is used to implement 
this study. 
 
 
Figure 5-8: Architecture of a three-layer BPNN  
Preparing the training data set 
The original training samples collected from the simulation run in section 5.3.1 consists 
of 7440 pairs of four-element input vectors ݑሺݐሻ ൌ ሼߨ௘ሺݐሻ, ߨ௙ሺݐሻ, ݄ௗ,௩௣௣ሺݐሻ, ݁ௗ,௩௣௣ሺݐሻሽ 
and single-element target vectors  ݕሺݐሻ ൌ ሼ ௚݁,௩௣௣ሺݐሻሽ. As the aggregated generation of 
prosumer group can be characterized as a modified autoregressive function as given in 
(5.4), the collected samples used for training the NN have to be reorganized.  
 
 ݕሺݐሻ ൌ ݂ሺݕሺݐ െ 1ሻ, ݕሺݐ െ 2ሻ, … , ݕሺݐ െ ݇ሻ, ݑሺݐሻ, ݑሺݐ െ 1ሻ,… , ݑሺݐ െ ݇ሻሻ  ( 5.4 )
 
In this case, the number of time delay  is chosen as 2 after carrying out a number of 
test trials, which results in a reasonable accuracy level for identifying the price respon-
siveness of this prosumer group. As a result, the final input vectors of the BPNN is for-
mulated as 7438 ninteen-element vectors ሼݑሺݐሻ, ݑሺݐ െ 1ሻ, ݑሺݐ െ 2ሻ, ݕሺݐ െ 1ሻ, ݕሺݐ െ 2ሻሽ ; 
while the output vectors are formulated as 7438 single-element target vectors ሼݕሺݐሻሽ. In 
other words, provided the information about how the prosumer group responds to the 
posted prices in the previous three hours, the trained BPNN will be able to characterize 
the price responsiveness of the same group based on any forecasted demand profiles. 
 
Constructing and training the BPNN 
Because the computational performance of the NN is very sensitive to the number of 
layers and neurons, it is desirable to find appropriate NN structure. In [a54], Cybenko 
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and Maren show that two hidden layers, whose neurons all use sigmoidal transfer func-
tions, are sufficient to compute an arbitrary function of the inputs, and that a single hid-
den layer is sufficient for classification problems. Thus, in this case, a three-layer NN 
(two-hidden layer with one output layer) is constructed.   
 
Choosing the number of neurons in the hidden layers is generally very difficult. The 
decision can be guided by theoretical and empirical limits. According to Hecht-
Nielson’s interpretation of the Kolmogorov theorem [b6][b7] , 2N+1 neurons  (where N 
is the number of inputs) are necessary to calculate an arbitrary function. According to 
[a54], the optimum ratio between the first and the second hidden layer is three to one.  
 
Such a NN is trained by using the Matlab function 'newfit', wherein the training algo-
rithm Levenberg-Marquardt that is often the fastest back propagation algorithm to carry 
out supervised learning process. Transfer functions 'tansig' and 'linear' are used 
for the hidden layers and output layer respectively. As for the data division, 100% of the 
sampled data is used for training, 40% is used for validation and 40% is used for testing. 
To prevent overfitting, the maximum number of validation checks is chosen to be 6. 
Performance of this NN is measured by MSE, as given in (5.5). 
 
 ܯܵܧሺݕᇱ, ݕሻ ൌ ଵே∑ ሺݕᇱ െ ݕሻே௜ୀଵ   ( 5.5 ) 
where  ݕԢ is the estimated target value given by NN, and ݕ is the real target value. 
 
To more precisely determine the number of neurons for each hidden layer, the number 
of neurons is iteratively changed from 30 to 60 for the first hidden layer and from 10 to 
20 for the second hidden layer. With each combination, the NN is trained 50 times to 
find the minimum MSE for entire input data sample. It is found when the number of 
neurons in the hidden layers is set 48 and 16 respectively, the minimum MSE 2.18. The 
overall training information is given in Figure 5-9, according to which the training 
stopped when the maximum number of validation failure is reached. 
 
Price Signal Controlled Virtual Power Plant 
80 
 
Figure 5-9: Information of training the NN 
 
Testing the trained BPNN 
To test the performance of the trained BPNN, the estimated price responsiveness of the 
prosumer group derived from the BPNN for both a single hour and a whole week are 
compared to the real values derived from the simulation module. Demand profile in this 
study is assumed to be perfectly forecasted. 
 
For the intra hour price responsiveness, two cases have been tested: hour 3 and hour 44 
in January, which are illustrated in Figure 5-10 and Figure 5-11 respectively. Initial 
conditions for the prosumer group are derived from the simulated prosumer group mod-
el where spot prices posted by VPP before that hour are assigned, and the VPP collects 
these response information at the end of each hour. Using the developed BPNN model, 
the VPP therefore tries to forecast the price responsiveness of the prosumer group for 
hour 3 and hour 44 in January respectively. Contrast to the real system price respon-
siveness, the VPP in these two cases all present relatively good estimations. Although 
the MSE values for both case relatively large, the MAPE11 values are within 10%.  
                                                 
11 According to the definition of MAPE ܯ ൌ ଵ௡∑ ቚ
௬ି௬ᇱ
௬ ቚ௡௧ୀଵ  , when the actual value is zero, there will be a 
division by zero. Therfore, only non-zero values are included in the calculation of MAPE. 
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Figure 5-10: Testing the NN with varying prices for the 3rd hour of 1st day in 2006  
(Initial 2 hours are assigned with real spot prices with MSE= 66.36, MAPE=0.082) 
 
Figure 5-11: Testing the NN with varying prices for the 44rd hour in 2006  
(Initial 42 hours are assigned with real spot prices with MSE=310.5, MAPE=0.063) 
For the whole week examination, the real generation and estimated generation is com-
pared for the 1st week in 2006. The estimated generation for hour t is again made on the 
basis of the real metered generation and demand values from hour t-1 and hour t-2 as 
well as the forecasted demand information for hour t. As given in Figure 5-12, the es-
timated values are fairly close to the real values, with the MAPE equals 0.073. 
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Figure 5-12: Testing the NN with real spot prices for the first week in 2006 
(Initial 2 hours are assigned with real spot prices and MSE=43.41, MAPE=0.073) 
5.3.3 Difficulty in finding the appropriate price signal 
Based on the developed identification model, the VPP is able to estimate the price res-
ponsive characteristics of the prosumer group and post appropriate prices to regulate the 
production in order to get close to the desired values. However, the error introduced by 
estimation significantly challenges the VPP operator on choosing the appropriate prices. 
For instance, as shown in Figure 5-13, in case the VPP wants to have 820kWh genera-
tion for hour 44, it may post the price 0.58DKK/kWh in order to get the closest value. 
However, the actual generation will be 881.5kWh which requires the VPP to buy extra 
balancing power to eliminate this difference.  Therefore, taking into account the nega-
tive effects of forecasting error, such as the extra balancing cost, will be the primary 
factor for VPP in deciding what the most appropriate price signal is.  
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Figure 5-13: Real price responsiveness vs. the estimated price responsiveness for the 
44rd hour in 2006 (enlarged from Figure 5-14) 
 
One possible way to solve this problem can be adding a negotiation period process be-
fore publishing the real prices. As shown in Figure 5-15 , the VPP first sends the esti-
mated price to all prosumers and collect the generation schedules made by every cus-
tomer.  With the support of a closed-loop negotiation, the VPP finally finds out the elec-
tricity price for the according committed amount of power. This idea is simulated in 
[r15].  
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Figure 5-15: Flow chart illustrating how VPP initiate an auction with price-controlled 
scheme  
 
Another problem resides with the discrete generation characteristics of the price-
controlled VPP. In a special case where all the prosumers have the same µCHP systems 
installed, it can be observed that all the systems are almost on and off together due to 
the same marginal costs for all systems. In the simulated VPP with 100 µCHP systems, 
the diversity introduced by different system generation portfolio provides a relative 
wider regulating range. However, there are still relatively large gaps between the actual 
generation values for two adjacent prices. For instance, the actual generations can either 
be 881kWh or 672kWh but not in between. Unlike the direct controlled VPP, this ob-
stacle can be a big problem for a small-scaled VPP. Hopefully, if the number of aggre-
gated prosumer increases to thousands and different control logics are applied, the price 
based control may be able to achieve much smoother regulation. 
 
5.4 Summary and discussions 
In this chapter, the price signal controlled scheme for VPP is designed and simulated. 
The simulated prosumer group has a static generation pattern as each prosumer aims to 
optimize his hourly energy profile without recognizing the price pattern. Using the NN-
based identification model, this pattern can be roughly recognized by VPP. However, 
since aggregated system information is used to train the NN, the error seems inevitable. 
This error can actually be reduced to a very small level when a single NN is trained to 
identify an individual prosumer as shown in Figure 5-16. Consequently, 100 NN can be 
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developed separately to represent the 100 different prosumers and the estimated results 
are aggregated which clearly results in a much better forecasting power as shown in 
Figure 5-17 compared to Figure 5-12. Although this may not be a feasible solution in 
practice since there may be a great number VPP participants and their generation pattern 
may keep changing; it clearly indicates that estimation may have to be done to various 
classes of prosumers rather than one class.  
 
  
Figure 5-16: Information of training a single NN for one prosumer 
 
 
Figure 5-17: Testing the 100 aggregated NNs with real spot prices for the first week in 
2006 (initial 2 hours are assigned with real spot prices and MSE=0.0023) 
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Further, for the simulated price controlled VPP, a large historical data sample is pro-
vided for identification purpose. Even though the VPP may be able to quickly build up 
his knowledge database by posting prices more frequently, such as 5 minutes, it may 
take a long time for the DER to adapt to the new tariff and respond appropriately. Thus 
in the case of using new tariff, with naive participants and naive energy trading agents 
like VPP, a double-complex set of adaption to the new scheme will take place. Partici-
pants will be learning and changing their behavior for given real-time prices at the very 
same time the VPP is trying to improve its guesses over their responses. Take this into 
consideration; posting price signals directly to the participants without receiving any 
confirmation from the participants will be rather risky for the early operation of price-
controlled VPP since the unbalance is associated with the penalty cost.  
 
Having a negotiation process before posting the final price may be one of the feasible 
ways to handle the uncertainties associated with price signal control. But it may nega-
tively impact the participants’ enthusiasm and bring in more trivial jobs for the partici-
pants, unless the HEMS are intelligent enough to replace the human decisions. Real life 
example for this kind HEMS can be found in [r5] where special controllers are devel-
oped to automatically correlate temperature with price signals according to a pre-
defined program and bid in a 5 minute electricity market. Other designs, as given in 
[a55], use price droop which is similar to frequency droop to guarantee the stable price 
response. Nevertheless, to place the sort of price signal controllers into the customers’ 
premises are not easy, since the pre-defined programs may not be able to fully represent 
the customers’ willingness.   
 
Another option for the VPP to handle the uncertainties can be using a combined opera-
tion scheme including both direct control and price-signal control. The price signal con-
trol scheme can be used to roughly control a large number of participants, and the direct 
control scheme can be used either to participate in the wholesale market regularly or to 
function as internal balancing resources to the VPP.  In such case, the participants can 
voluntarily decide which scheme is better for their generation/usage patterns. 
 
As stated above, solely price signal controlled VPP may not be a flawless solution, es-
pecially considering the difficulties in handling the uncertainties. The current market 
principle, where the real-time market price is actually post calculated, may have to ac-
count for this. However, it should be clear that price signal control is quite feasible. Us-
ing price signal control may be very challenging to parties like VPP, but can be a very 
positive solution for parties like TSO or large utilities to facilitate the integration of 
DER and to offer more efficient solutions on using of DER. Using frequency related 
price signal is a good sample over this aspect.  
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6 EXPERIMENTAL SETUP 
CET has been working on an experimental setup for the VPP as a proof-of-concept. 
This prototyped VPP intends to provide a generic testbed for different control and 
communication schemes. In this chapter, the ongoing setup is briefly introduced. More 
details about the related theoretical study and software design can be found in [r16], 
wherein Anders and Einar elaborate on how the IEC 61850 standard, especially 
IEC61850-7-420, based communication is used for the experimental setup at CET.  
 
6.1 Current setup 
The architecture for the current experimental setup is shown in Figure 6-1. The DER 
devices involved in the current setup are two 5.0-5.5kWe ICE-based Dachs µCHP sys-
tems from SenerTec. One of the units runs on natural gas and the other one runs on di-
esel fuel. Both of them simply work in the on/off mode and provide no electrical mod-
ulation.  
 
 
Figure 6-1: Architecture for the experimental VPP 
 
In this prototype, the IEC 61850 server, as the core part, is written in C# for the .NET 
framework and implemented on an ordinary desktop computer. This IEC 61850 server 
contains all the logic needed to handle the IEC 61850 data model as well as manage the 
reporting and logging of the measured data.  
 
The most commonly used protocol for the IEC 61850 standard is the Manufacturing 
Message Specification (MMS) protocol. This binary protocol is good in terms of per-
formance but makes prototyping and debugging much harder as the messages are not 
humanly readable [a56]. To avoid buying one of the expensive existing server imple-
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mentations and to test web services as communication mappings, the experimental serv-
er is implemented with REpresentational State Transfer (RESTful) interface which 
handles all communication with the clients.  
 
The Dachs module, which is depicted in Figure 6-1, is developed under a plug-in 
framework. Under this framework, any type of the DER devices supported by the IEC 
61850 can be connected through the specific device module e.g. Dachs module, EV 
module, etc. The Dachs module handles the communication with the physical Dachs 
µCHP systems. The information of the systems such as on/off status, power output, etc. 
is collected via the manufacture provided RS232 serial communication interface. This 
information is further mapped to the Uniform Resource Locator (URL) format using the 
RESTful web services, which can be reached by the VPP client almost anywhere 
through the internet. 
 
Communication between the VPP and the DER is setup using a secure tunnel, as shown 
in Figure 6-2. Although there are other possible ways such as dedicated communication 
lines which can be used to meet the communication requirement, the secure tunnel 
seems to be the most convenient way to implement such communication considering the 
restrictions in the DTU PowerLab and system costs. 
 
 
Figure 6-2: Communication tunneled for the present experimental setup 
 
The operation panel of the VPP is currently under construction. Instead, a helpful 
Graphical User Interface (GUI) shown in Figure 6-3 has been developed to remotely 
monitor the µCHP system. Anyone who has access to the interface can remotely turn on 
and turn off the µCHP systems. This demonstrates the direct controlled operation 
scheme of VPP. 
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Figure 6-3: Screenshot showing the GUI for the SenerTec Dachs µCHP system 
6.2 Future development 
The future development of the present VPP prototype will be made in collaboration 
with the research team of the Danish EDISION project also from CET, since the EVPP 
concept is no other than a MBVPP with specific focus on EV aggregation. As shown in 
Figure 6-4, functions such as forecasting, scheduling and controlling, etc. will be fur-
ther developed and embedded in it. Already available resources at CET, like the Citroen 
C1 EV, XRGI15 µCHP system and battery system will be successively connected to the 
VPP testbed. Different control schemes, from direct control to price signal control, will 
be tested for both real DER and simulated devices. 
 
 
Figure 6-4: Operation panel of EVPP   
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7 CONCLUSIONS AND FUTURE WORK 
This thesis explored the innovative concept of Virtual Power Plant focusing on how to 
facilitate the DER integration under present regulatory framework. The main outcome 
of this study is the clarification of different VPP concepts, the generic market-based 
design which changes the operation of DER from “passive” into “active”, the investiga-
tion of different control schemes for market-based VPP applications and the setup of a 
prototyped VPP at the CET laboratory. Regarding these aspects and the associated chal-
lenges, this chapter highlights a number of key points resulted from this study and re-
commends several topics for future work.  
7.1 Conclusions  
In section 1.2, four problems statements were outlined for the project. In the following, 
the results are given. 
 
1. What is the VPP and what is the state of the art of VPP? 
Based on the intensive review presented in Chapter 2, the VPP studied in this research 
project is defined as an entity/energy management system that aggregates multi-fuel, 
multi-location and possibly multi-owned DER units via advanced ICT infrastructure 
either for the purpose of energy trading or to provide system support services.  
 
Due to its potential benefits, the VPP concept has been widely developed and used in 
recent years. These developments differ from each other in aggregation needs, obliga-
tions, control requirements and communication requirements. In addition to the prefe-
rence for centralized control, market-based operation seems to be a task granted with 
higher priority than the others. 
 
2. How to develop a generic VPP concept which benefits all parties? 
The market-based design introduced in chapter 3 clarifies the generic objective that 
every VPP may have to meet: to efficiently participate in the electricity market. By 
placing the VPP in the marketplace, the present “fit and forget” operation of DER is 
replaced by the active participation in the electricity market. Moreover, the market par-
ticipation can provide multiple value streams for the VPP due to the possibility of mul-
tiple services provision. This in turn benefits the parties who are in need of the corres-
ponding services.  
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To increase the flexibility of the MBVPP, a set of functional modules are developed. 
Depending on the local contexts, these functional modules can be plugged in and out to 
meet different design requirements.   
 
3. How can the VPP efficiently control/coordinate the operation of the DER? 
The control/coordination algorithms developed for market-based VPP differ from each 
other in terms of control structure, information volume and uncertainties faced when 
making decisions. Two control schemes: direct control and price signal control have 
been studied in this thesis. In both cases, the simulated VPP function as an energy sup-
plier which aggregates the prosumers. However, as no elasticity has been assigned to 
the demand side, there is no essential difference between aggregating the prosumers and 
aggregating the DER.  
 
Direct controlled VPP offers the best power in controlling the aggregated DER. The 
simulated direct controlled VPP actually functions completely the same way as a con-
ventional energy supplier in terms of making the best use of the given generation portfo-
lio based on the available market information. The optimization approach proposed for 
the direct controlled VPP is a very generic method which can be applied to the VPP 
with very different generation portfolios. The model for the µCHP system and the pro-
posed least cost operation is suitable for making the cost and benefit analysis on hourly 
basis. They can also be adjusted to simulate more precise responses of the µCHP sys-
tems if the market information or the demand information is provided on shorter time 
intervals.  
 
Price signal controlled VPP proposed in this thesis offers probably the most attractive 
services to the DER as the price is posted in advance of the electricity delivery. This 
kind of control provides advantages in its scalability and simplicity; however, the asso-
ciated risk faced by the VPP is more significant than what a direct controlled VPP faces.  
Although the identification tool developed using NN makes a relatively good estimation, 
in real life the continuous varying generation/demand pattern of smart DER may be 
very hard to be captured. This can become much worse when limited historical data is 
available. Therefore, alternative solution such as adding a negotiation period in advance 
of posting the electricity prices has been proposed. Still, this solution has drawbacks on 
heavier communication load and may also be burdensome to the DER participants. 
 
4. How to implement and test the proposed MBVPP concept in a real life? 
The experimental setup at CET demonstrates a direct controlled VPP. The generic 
communication interface developed according to IEC-61850-7-420 standard offers a 
good example for VPP applications with the standardized protocol. Current setup allows 
for the remote monitoring and on/off control of the SenerTec Dachs µCHP units.  
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In addition to the above statement, it has been shown that the VPP is quite feasible to be 
implemented without obvious technical barriers if an advanced ICT infrastructure is 
available. Both the DER owners and the other parties involved in power system opera-
tion can benefit from the market participation of VPP. The µCHP systems, due to their 
controllability, are suitable for direct controlled schemes. In the case of price signal con-
trolled VPP, the modeled µCHP group shows difficulty in providing smooth and conti-
nuous power.  This is mainly due to the lack of the DER diversity and the price respon-
siveness of the simulated generation characteristics for the µCHP systems.   
7.2 Future work 
The idea of VPP is an interesting subject where a lot of research needs to be done. Be-
low, some topics are outlined as proposals for future work. 
 
 Contractual relationship between the DER and the VPP has to be taken good 
care of to realize the values of different DER technologies and solve the prob-
lems related to profit distribution (especially under direct control schemes), mul-
tiple services provision and imbalance settlement, etc.  
 
 In the future, the number of VPP-like market participants may increase. Their 
participation thus has potential impacts on both the electricity prices and the 
costs for grid support services. To study these impacts is very useful for all mar-
ket participants and the market operators. 
 
 As the currently simulated VPP operates on hourly basis with only µCHP sys-
tems, simulations for the VPP with more diversified DER portfolio on much 
shorter time intervals e.g. 5minutes will be helpful to carry out more detailed 
cost-benefit analysis especially in the context of entering the real-time market 
and the ancillary service market.  
 
 When price signal control scheme is used, a multi-criteria model for estimating 
the price responsiveness of the DER may be required instead of only using the 
statistical measures such as MAPE or MSE, etc. This is due to the fact that the 
deviations between the real values and the estimated values lead to imbalance 
cost. Thus, the prognosis that results in low cost of the consequences of progno-
sis errors may also have to be taken into account.  
 
 Having a combined control scheme such as price signal control and direct con-
trol function together in one VPP may be one feasible solution to mitigate the 
downsides of the price signal control. Thus, it is interesting to make this study to 
analyze the related issues, such as how many DER should be direct controlled to 
mitigate the uncertainty level caused by the price signal controlled DER.  
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 In order to complete the feasibility study of the VPP applications, the investment 
and operational cost of ICT should also be investigated. The pros and cons of 
different communication strategies are also worthwhile studying to facilitate the 
cost effective design of the VPP.  
 
 Continuation of the present experimental setup is already on the agenda. A full 
scaled VPP prototype with more types of DER devices and a set of market-based 
functional modules will be constructed and demonstrated in the near future. 
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A  DOMESTIC DEMAND PROFILES 
The average hourly electricity demand and heat demand distribution across 2006 for 
Danish multi-family houses is given in Figure A-1 and Figure A-2 respectively. As the 
annual energy consumption for this type of house is typically around 4.8MWh for elec-
tricity and 13MWh for heat [a53], the hourly demand profile for a typical Danish multi-
family house can be derived.  
 
 
Figure A-1: Distribution of electricity demand for a Danish multi-family house in 2006 
 
Figure A-2: Distribution of heat demand for a Danish multi-family house in 2006 
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In Figure A-3, the demand for the first three days (as a reference) of January is shown, 
provided the above annual energy consumption values. 
 
 
Figure A-3: Average demand profile of a Danish multi-family house for the first three 
days of January 2006 
 
In order to randomly generate multiple demand profiles (100 in this case) representing a 
number of Danish family houses, a normal distribution of the generated demand profiles 
in every hour is assumed. For every hour, the mean value of the normal distribution is 
set equal to the referenced average value and the standard deviation is set to 0.1. Figure 
A-4 gives an example for the generated demand profiles. 
 
 
Figure A-4: Five of the generated Danish multi-family house demand profiles for the 
first three days of January 2006 
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B  GENERATION PORTFOLIOS FOR 100 µCHP 
SYSTEMS 
The µCHP systems are modeled with linear generation characteristics. System 1 to sys-
tem 25 represent the ICE-based XRGI15 µCHP units; system 26 to system 50 represent 
the ICE-based XRG13 µCHP units; sytem 51 to system 75 represent the ICE-based 
DACHS µCHP unit from Senertec and the last 25 systems represent the PEMFC-based 
µCHP systems. The electricity production from the first 50 EC Power units can be 
modulated within in the given range and the DACHS units can only work in the on/off 
mode. As for the PEMFC-based µCHP units, it is assumed the electricity can be mod-
ulated between 0-9kWe with constant electrical efficiency at 40% and thermal efficien-
cy at 50%. All units are assumed to run on natural gas. For the PEMFC-based µCHP 
unit, the natural gas is burnt to generate hydrogen through a reformer, which produces 
electricity in the end. 
Table B-1: Generation portfolio for the prosumer group  
System a1 b1 a2 b2 emin(kW) emax(kW) hsmax(kWh) ηb 
1 1.4 8.5 2.6 10.3 6 15.2 8.4 0.81 
2 1.4 8.5 2.6 10.3 6 15.2 16.8 0.81 
3 1.4 8.5 2.6 10.3 6 15.2 11.2 0.77 
4 1.4 8.5 2.6 10.3 6 15.2 22.4 0.78 
5 1.4 8.5 2.6 10.3 6 15.2 8.4 0.8 
6 1.4 8.5 2.6 10.3 6 15.2 22.4 0.77 
7 1.4 8.5 2.6 10.3 6 15.2 22.4 0.83 
8 1.4 8.5 2.6 10.3 6 15.2 22.4 0.77 
9 1.4 8.5 2.6 10.3 6 15.2 22.4 0.77 
10 1.4 8.5 2.6 10.3 6 15.2 8.4 0.77 
11 1.4 8.5 2.6 10.3 6 15.2 16.8 0.77 
12 1.4 8.5 2.6 10.3 6 15.2 11.2 0.79 
13 1.4 8.5 2.6 10.3 6 15.2 11.2 0.78 
14 1.4 8.5 2.6 10.3 6 15.2 22.4 0.84 
15 1.4 8.5 2.6 10.3 6 15.2 22.4 0.79 
16 1.4 8.5 2.6 10.3 6 15.2 11.2 0.77 
17 1.4 8.5 2.6 10.3 6 15.2 16.8 0.84 
18 1.4 8.5 2.6 10.3 6 15.2 8.4 0.85 
19 1.4 8.5 2.6 10.3 6 15.2 11.2 0.79 
20 1.4 8.5 2.6 10.3 6 15.2 22.4 0.76 
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21 1.4 8.5 2.6 10.3 6 15.2 11.2 0.78 
22 1.4 8.5 2.6 10.3 6 15.2 16.8 0.79 
23 1.4 8.5 2.6 10.3 6 15.2 11.2 0.81 
24 1.4 8.5 2.6 10.3 6 15.2 11.2 0.78 
25 1.4 8.5 2.6 10.3 6 15.2 8.4 0.81 
26 1.3 11.8 2.5 15 4 13 16.8 0.82 
27 1.3 11.8 2.5 15 4 13 16.8 0.77 
28 1.3 11.8 2.5 15 4 13 16.8 0.76 
29 1.3 11.8 2.5 15 4 13 16.8 0.78 
30 1.3 11.8 2.5 15 4 13 8.4 0.78 
31 1.3 11.8 2.5 15 4 13 16.8 0.79 
32 1.3 11.8 2.5 15 4 13 8.4 0.8 
33 1.3 11.8 2.5 15 4 13 8.4 0.76 
34 1.3 11.8 2.5 15 4 13 16.8 0.78 
35 1.3 11.8 2.5 15 4 13 8.4 0.83 
36 1.3 11.8 2.5 15 4 13 16.8 0.75 
37 1.3 11.8 2.5 15 4 13 11.2 0.84 
38 1.3 11.8 2.5 15 4 13 8.4 0.82 
39 1.3 11.8 2.5 15 4 13 11.2 0.8 
40 1.3 11.8 2.5 15 4 13 16.8 0.81 
41 1.3 11.8 2.5 15 4 13 22.4 0.77 
42 1.3 11.8 2.5 15 4 13 22.4 0.8 
43 1.3 11.8 2.5 15 4 13 8.4 0.85 
44 1.3 11.8 2.5 15 4 13 8.4 0.8 
45 1.3 11.8 2.5 15 4 13 8.4 0.8 
46 1.3 11.8 2.5 15 4 13 16.8 0.77 
47 1.3 11.8 2.5 15 4 13 16.8 0.8 
48 1.3 11.8 2.5 15 4 13 11.2 0.81 
49 1.3 11.8 2.5 15 4 13 8.4 0.82 
50 1.3 11.8 2.5 15 4 13 22.4 0.79 
51 2.28 0 4.1 0 5.5 5.5 22.4 0.79 
52 2.28 0 4.1 0 5.5 5.5 11.2 0.85 
53 2.28 0 4.1 0 5.5 5.5 11.2 0.75 
54 2.28 0 4.1 0 5.5 5.5 8.4 0.84 
55 2.28 0 4.1 0 5.5 5.5 22.4 0.84 
56 2.28 0 4.1 0 5.5 5.5 22.4 0.83 
57 2.28 0 4.1 0 5.5 5.5 8.4 0.76 
58 2.28 0 4.1 0 5.5 5.5 11.2 0.78 
59 2.28 0 4.1 0 5.5 5.5 8.4 0.78 
60 2.28 0 4.1 0 5.5 5.5 11.2 0.82 
61 2.28 0 4.1 0 5.5 5.5 16.8 0.76 
62 2.28 0 4.1 0 5.5 5.5 16.8 0.82 
63 2.28 0 4.1 0 5.5 5.5 16.8 0.76 
64 2.28 0 4.1 0 5.5 5.5 16.8 0.82 
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65 2.28 0 4.1 0 5.5 5.5 16.8 0.8 
66 2.28 0 4.1 0 5.5 5.5 8.4 0.83 
67 2.28 0 4.1 0 5.5 5.5 11.2 0.82 
68 2.28 0 4.1 0 5.5 5.5 22.4 0.84 
69 2.28 0 4.1 0 5.5 5.5 8.4 0.84 
70 2.28 0 4.1 0 5.5 5.5 22.4 0.78 
71 2.28 0 4.1 0 5.5 5.5 11.2 0.82 
72 2.28 0 4.1 0 5.5 5.5 11.2 0.77 
73 2.28 0 4.1 0 5.5 5.5 11.2 0.75 
74 2.28 0 4.1 0 5.5 5.5 22.4 0.82 
75 2.28 0 4.1 0 5.5 5.5 11.2 0.8 
76 1.25 0 2.5 0 0 9 11.2 0.8 
77 1.25 0 2.5 0 0 9 22.4 0.84 
78 1.25 0 2.5 0 0 9 16.8 0.81 
79 1.25 0 2.5 0 0 9 8.4 0.81 
80 1.25 0 2.5 0 0 9 22.4 0.84 
81 1.25 0 2.5 0 0 9 22.4 0.83 
82 1.25 0 2.5 0 0 9 22.4 0.81 
83 1.25 0 2.5 0 0 9 16.8 0.77 
84 1.25 0 2.5 0 0 9 22.4 0.77 
85 1.25 0 2.5 0 0 9 16.8 0.84 
86 1.25 0 2.5 0 0 9 22.4 0.75 
87 1.25 0 2.5 0 0 9 22.4 0.8 
88 1.25 0 2.5 0 0 9 11.2 0.77 
89 1.25 0 2.5 0 0 9 16.8 0.85 
90 1.25 0 2.5 0 0 9 11.2 0.82 
91 1.25 0 2.5 0 0 9 16.8 0.8 
92 1.25 0 2.5 0 0 9 8.4 0.8 
93 1.25 0 2.5 0 0 9 8.4 0.76 
94 1.25 0 2.5 0 0 9 8.4 0.8 
95 1.25 0 2.5 0 0 9 22.4 0.8 
96 1.25 0 2.5 0 0 9 11.2 0.8 
97 1.25 0 2.5 0 0 9 16.8 0.8 
98 1.25 0 2.5 0 0 9 8.4 0.8 
99 1.25 0 2.5 0 0 9 8.4 0.8 
100 1.25 0 2.5 0 0 9 11.2 0.8 
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C  VIRTUAL POWER PLANT RELATED RE-
SEARCHES 
In this appendix, recent VPP related researches that have been summarized in Table 
2-4, are presented in detail. 
C.1 Virtual Fuel Cell Power Plant 
The demonstration project “Virtual Fuel Cell Power Plant” (VFCPP) was conducted 
from 2001 to 2005, aiming to develop, to install, to test and to demonstrate a virtual 
power plant consisting of 31 decentralized stand-alone residential fuel cell cogeneration 
systems. These low temperature PEM µCHP systems can produce 4.5kWel and 9kWth 
simultaneously and were installed in apartments, houses and small businesses across 
Europe. In this project, both onsite EMS and a Central Control System (CCS) were de-
veloped. The onsite EMS controls the fuel cell, additional peak boiler and a hot water 
storage system to match the heat production of the system to the heat demand of the 
premise. The CCS communicates with the onsite EMS and allows the utilities to control 
the µCHP systems in the case of a power peak demand and defined load profiles.  
 
In the field test, different ways of communication as depicted in Figure 8-1 were tested. 
In one way communication, Radio Ripple Control (RRC) systems were installed at five 
selected fuel cell systems; therefore the RRC’s receiver relays either forced a fixed elec-
trical output or one of the five pre-defined load profiles stored within the EMS. Alterna-
tively, the one way signal could be a general switch of the fuel cell system between 
heat-led or electricity-led mode. In the case of two way communication, the CCS can 
make more kinds of control decisions for the fuel cell systems based on the real-time 
data transmitted back to the server.   
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Figure 8-1: Ways of communication in VFCPP field test 
 
Within the accumulated 138,000 running hours, about 50 million measurement data 
were collected, checked and analyzed, which provided valuable experience for polishing 
up the current design of LTPEM µCHP systems. Further, the capability of VFCPP to 
follow pre-defined load profiles without relevant time delay has been successfully dem-
onstrated.    
C.2 Virtual Power Plant based on Power Matcher 
Power Matcher is a concept developed by the Energy Research Centre of the Nether-
lands (ECN) based on multi-agent technology. As shown in Figure 8-2, the device 
agent which represents the DER are clustered by the concentrator agent, who aggregates 
the market bids into one single bid and communicates this to the auctioneer agent. The 
responsibility for the auctioneer agent is to perform the price-forming process by 
searching for the equilibrium price and sends the price back to all the other agents under 
it. For the objective agent, it is given specific objectives to follow and that decides how 
the other agents connected to it should behave.   
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Figure 8-2: Power Matcher Architecture 
 
On the basis of this idea, a VPP field test including 10 Stirling µCHP systems was car-
ried out. The VPP agents run on each µCHP system and communicate with µCHP and 
thermostats, electric meters through the power line. Wireless communication technolo-
gy Universal Mobile Telecommunication System (UMTS) is implemented between the 
VPP agents and a Power Matcher server, which contains the market coordination algo-
rithm. During the field test, the Power Matcher server places bids on the market based 
on a certain demand pattern, resulting in high prices in peak load periods and low prices 
otherwise.  High market prices trigger the µCHP systems to produce electricity, thus 
reducing the peak load.  
 
Since the test was run in summer, the VPP showed not much capability in peak reduc-
tion. This is because some of the end-users only allowed very small bandwidth of their 
room temperature and no waste heat was allowed to be produced. However, the project 
team claimed a better result could be expected if the field test was run in winter and also 
with larger hot water buffers. Further, UMTS proved to be less reliable than expected.   
C.3 FENIX Virtual Power Plant 
Flexible Electricity Network to Integrate the eXpected ‘Energy Solution’ is where FE-
NIX originates from. This four year project FENIX was launched in October 2005, aim-
ing to boost DER by maximizing their contribution to the electric power system, 
through aggregation into Large Scale Virtual Power Plant (LSVPP) and decentralized 
management. As shown in Figure 8-3, a general FENIX architecture with three core 
elements: FENIX Box (FB), CVPP and TVPP was developed, wherein: 
 The FB interfaces DER control system enabling remote monitoring and 
control. 
 The CVPP is in charge of the scheduling and energy optimization func-
tions of DER group. 
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 The TVPP, at the Distribution Management System (DMS), performs 
some type of function, for instance: validates the generation schedule, dispatches 
DER to address voltage and congestion,, etc.  
 
 
Figure 8-3: The Generic FENIX Architecture 
 
Based on the generic FENIX architecture, there are two demonstrations being hosted by 
EDF Energy in the UK and Iberdrola in Spain referred to as the Northern scenario and 
Southern scenarios respectively. 
 
In Northern scenario, as shown in Figure 8-4, the aforementioned Power Matcher tech-
nology is used to manage the CVPP. The DER portfolio of 3MW of various technolo-
gies including a 200kW fuel cell was used in this demonstration. During the operation, 
the FB provides the Power Matcher device agents with the current state and readings of 
DER and the agents for particular device determine the individual cost curves and other 
operational characteristics: generation/load capability, ramp rates, minimum and maxi-
mum ‘on’ and ‘off’ times. The Matcher Agent adds all these information together and 
transfers these to VPP agent, which formulates the bidding curves. The bidding curve is 
sent to E-terratrade, acting as a market interface, for trading purpose. Once a market 
transaction is committed, the generation schedule for the CVPP is generated and passed 
down to all DER devices.  In real-time, the DER follow the schedules to pro-
duce/consume energy.   
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Figure 8-4: Northern Southern Scenario of FENIX (UK) 
 
The Southern scenario of FENIX, as given in Figure 8-5, demonstrated both CVPP and 
TVPP concepts by aggregating a variety of DG technologies in a Distribution system. 
Most of the DGs are connected to the 30kV grid.  During the demonstration, three activ-
ities had been successfully demonstrated: participating in the day-ahead market, offer-
ing tertiary reserve ancillary service and contributing to voltage regulation in transmis-
sion and distribution levels. Like in the Northern scenario, FB provided the interface 
between DG and local SCADA, which facilitates the integration of DG into the DMS.   
 
 
Figure 8-5: Southern Scenario of FENIX (SPAIN) 
 
In both scenarios, GPRS was selected as the communication media between FB and 
other parties. Further, many valuable conclusions and recommendations regarding the 
VPP development have been made by the FENIX group, which can be found in [w6].  
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C.4 EDISON Virtual Power Plant 
The Danish EDISON project was launched in 2009, aiming to investigate and address 
the challenges for EV integration. Finally, the integrated solution will be demonstrated 
on the Danish island of Bornholm, which corresponds to roughly 1% of Denmark with 
respect to areas, load and population.  
 
In EDISON project, two different architectural options for VPP were developed, as giv-
en in Figure 8-6. In the stand-alone architecture, the EDISON VPP (EVPP) has direct 
access to the electricity market, which forces it to perform internal power balancing. In 
the Integrated architecture, EVPP provides supportive services to/through already exist-
ing market players, like generation companies, in order to achieve effective use of the 
EV fleet.    
 
   
Figure 8-6: EVPP architecture: Integrated EVPP (left) and Standalone EVPP (right)  
 
Currently, the EDISON group considers using centralized control to monitor and opti-
mally dispatch the EV batteries. Although a decentralized control scheme based on real-
time price signals was also considered by the consortium, the unlearned features with 
price signal control such as stability and predictability, etc., have caused a much lower 
priority to this method. 
  
Besides its special focus given to one of the newest energy resources EV, another high-
light of the EVPP is the generic ICT platform. This platform uses Service Oriented Ar-
chitecture (SOA) and is developed on the basis of IEC 61850 standard. This ICT plat-
form provides the possibility of supporting a broad range of vendor-independent EVs 
through a coherent information model, which applies the standardized and service-
oriented communication, aiming to develop standard system solutions for EVs which 
could be applicable globally. 
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C.5 Professional Virtual Power Plant 
The Professional Virtual Power Plant pilot project (ProViPP) is a project conducted in 
October 2008 by RWE (a power plant operator) and Siemens. 9 hydroelectric plants on 
the Lister and Lenne Rivers in a rural part of Westphalia Germany were interconnected 
by Siemens’ Distributed Energy Management System (DEMS) and functioned as a sin-
gle large plant with an initial output of 8.6MW.  
 
The DEMS is a comprehensive software, executing a series of functions related to mar-
ket participation for DGs. Based on its forecasted market price for the next day and the 
information for each power plant, the DEMS makes a quotation for energy trading, 
which will be checked and approved by the portfolio manager. Once the quotation has 
been approved, it will be placed on the energy market through an energy trader. The 
accepted quotation will result in an operating schedule for the individual power plants in 
the VPP by DEMS. When the time comes, the DEMS monitors the real-time status of 
the systems, and controls electric power plants as scheduled. Behind this process, Sie-
mens wireless communication devices are used to setup the linkage between each power 
plant and the control center.  
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D  ATTACHED PAPERS 
In this section, selected papers pulished during the PhD research are attached. These 
papers mainly investigate the issues related to VPP designs and price responsivenss of 
the µCHP.
 Abstract—The fast growing penetration of Distributed 
Energy Resources (DER) and the continuing trend towards 
a more liberalized electricity market requires more efficient 
energy management strategies to handle both emerging 
technical and economic issues. In this paper, a market-based 
Virtual Power Plant (MBVPP) model is proposed which 
provides individual DER units the accesses to current 
electricity markets. General bidding scenario and price 
signal scenario as two optional operation scenarios are 
operated by one MBVPP. In the end, a use case of a MBVPP 
with micro Combined Heat and Power (μCHP) systems 
demonstrates the potential benefits and operation scenarios 
of the MBVPP model.   
 
Index Terms—Distributed Energy Resources, Electricity 
market, market-based Virtual Power Plant 
I.  INTRODUCTION 
The penetration of Distributed Energy Resources 
(DER) is growing fast all over the world, which is mainly 
attributed to the requirement of a sustainable energy 
system with less environmental pollution, more 
diversified energy resources and improved energy 
efficiency [1]. In the meanwhile, the ongoing process of 
liberalization of the electricity market, i.e. the transition 
from the former monopolistic to competitive market 
structures, also attracts more and more attention [2]. In 
the context of these two tendencies, running a great 
number of DER units under market conditions is 
inevitable, which yet poses new challenges that have to 
be addressed.       
• Market participation: Regarded as small, modular 
power generation, storage technologies and controllable 
loads [3], DER is generally prohibited from entering the 
current electricity market [4]. 
• Intermittent nature: As many DER technologies 
like photovoltaic systems and wind turbines are weather-
dependent, their stochastic output is therefore considered 
non-dispatchable which not only limits their contribution 
to grid operation, but also causes economic penalties 
associated with unexpected unbalances. 
• Stand alone: Many DER units are working alone 
due to their different ownerships. Cooperation and 
communication often lack between neighboring DER 
units, thus the capability of DER is confined to satisfy the 
local needs rather than to complement the entire grid. 
One way to address these issues is to aggregate a 
number of DER units in a so-called Virtual Power Plant 
(VPP). In this construction, the group of DER units will 
have the same visibility, controllability and market 
functionality as the conventional transmission-connected 
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power plants. As aggregation can be guided by functional 
needs, geographical locations, the nature of generation 
technologies, points of injection or other kinds of 
commonalities, designs and implementations of VPP 
have rarely reached a consensus[5]-[10]. However, VPP 
can be divided into three basic categories which differ 
from each other in control architectures and associated 
information directions. 
• Centralized Controlled VPP (CCVPP): requires 
the VPP has the complete knowledge of involved DER 
units and defines every operating set point to meet the 
varying requirements of the local power system [5]-[7].It 
has a high potential for reaching optimal operation, but is 
often case specific which results in limited scalability and 
compatibility. 
• Decentralized Controlled VPP (DCVPP): refers to 
a collection of distributed local controllers which 
constitute an overall hierarchical architecture [8]. The 
weakness of CCVPP can be conquered by the modularity 
and intelligence of local controllers. However, a central 
controller is still required to sit on top of a DCVPP in 
order to ensure the system security and an overall 
economic operation.   
• Fully Decentralized Controlled VPP (FDCVPP): 
is an extension of DCVPP, wherein central controllers are 
replaced by information exchange agents which only 
provide valuable services e.g. market price signal, 
weather forecasting and data logging etc. to FDCVPP 
participants [9]-[10]. It has a relatively higher scalability 
and openness than the other architectures as it relies on 
plug and play ability. In the event of actualizing the 
internet model of the future power system [11] pictured 
by the EU research commission, a successful FDCVPP 
will be taken as the foundation towards operating a fully 
distributed power system in which every node in the 
electrical network is awake, responsive, eco-sensitive and 
price smart. 
In this paper, a market-based VPP (MBVPP) model, as 
one kind of FDCVPP, is proposed. It offers the generic 
path to small DER units to trade in today’s electricity 
market and takes the advantages of market nature in 
efficient resources allocation. In section II, a brief review 
is given to the current electricity market structure, 
followed by detailed illustrations on design of the 
MBVPP architecture and associated operation scenarios. 
In section III, a case study is performed to demonstrate 
the operation scenarios mentioned in the previous section. 
Conclusion and directions for future work are offered in 
Section IV.   
II.  DESIGN OF A MBVPP 
The objective of MBVPP is to offer a generic path for 
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 all kinds of DER units to get access to today’s electricity 
market; therefore challenges faced by DER can be 
addressed by the self-regulating capability of the 
electricity market. In order to achieve this goal, the 
design of a MBVPP has to be based on the study of 
today’s electricity market principle and to ensure a 
seamless linkage between the internal MBVPP organized 
market and the external global electricity market, e.g. 
Nordpool [12]. 
A.  Time Frame for Today’s Electricity market  
A general summary of the overall time frame for 
trading electricity and ancillary services is given in Fig 1. 
Long term forward contracts take place from months or 
years before a trade is executed. Day-ahead market 
provides market participants with the option to play in 
short term forward market. Sometimes, an intra-day 
market kicks in and provides continuous power trading 
up to one hour prior to delivery. Balancing market, also 
known as regulating market, which extends from real-
time to day ahead, is part of the overall energy market 
that provides balancing power/energy to electric power 
system operation at a short term notice.  Furthermore, 
market for ancillary services covers a time frame from 
long term to real time and interacts with all 
aforementioned energy markets. These services are the 
processes and actions associated with power system 
operation, which are provided by market participants and 
generally managed by the transmission system operators 
(TSOs).  Similar services are procured by distribution 
system operators (DSOs) for the purpose of maintaining 
the power system security at the distribution level. 
 
Fig. 1. Time frame for trading electricity & ancillary services 
 
B.  Architecture of the MBVPP 
As given in Fig 2, a MBVPP provides a platform 
through which every DER gains a seat in any of the 
aforementioned electricity markets. In principle, most of 
the DER units give priority to serving their individual 
demand; therefore only excessive generation will be sold 
back to the grid. Electrical power flow goes through the 
point of common coupling (PCC) from the MBVPP to 
meet either local demand or demand in other areas across 
the distribution and transmission system. Generally, a 
MBVPP can perform activities in at least three distinct 
fields: 
• Electricity Market: A MBVPP is able to trade with 
any other market player e.g. brokers, traders, DSOs, 
TSOs and even other MBVPPs in terms of bilateral 
contracts or power exchange. All the arranged trades have 
to be checked by TSOs or DSOs to ensure the power 
system security at different levels.  
• Internal Market: A MBVPP acts as a market 
operator as well as a service operator. It offers different 
market scenarios like bidding scenario and price signal 
scenario to meet the different customers’ requirements. 
Bilateral trading can also take place between individual 
DER units if desired as depicted in Fig 2. As the point of 
common coupling (PCC) for MBVPP is within the 
distribution network, DSOs have to be responsible for the 
security issues within the MBVPP.  
• Other Business Fields: If the number of 
participants increases to a certain level, it may be possible 
for the MBVPP to intervene in other business fields such 
as fuel markets and carbon markets or to become a legal 
entity. Each participant may thus achieve further benefits.  
 
 
Fig. 2.  Architecture of the MBVPP 
C.  Internal Market Scenarios 
In an attempt to make all DER units operate cost-
effectively, a MBVPP offers two optional market 
scenarios in its internal market:  general bidding scenario 
and price signal scenario. Both scenarios are flexible in 
the time frame of trading, therefore seamless coordination 
between the internal market and the external market is 
established. Communication is presumably implemented 
via the internet under a flawless operation. 
 
    1)  Scenario 1: General Bidding 
 
DER units who select the general bidding scenario will 
be paid at the electricity market price if their bids are 
accepted; therefore the profit is closely related with their 
own intelligence. An example of applying the internal 
market scenario to cooperating with the Nord Pool Spot 
[13], a typical day-ahead market for power exchange, is 
given in Table I. During this period, the MBVPP operator 
is only responsible for information exchange with 
different partners and bid aggregation while each DER 
has to develop its own optimal operation schedule for the 
next day based on the MBVPP forecasted information. In 
terms of fitting into other wholesale market time frames, 
like hour ahead or 15 minutes ahead, similar routines can 
be developed. 
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 TABLE I 
COOPERATION BETWEEN THE MBVPP’S INTERNAL DAY-AHEAD 
MARKET AND NORD POOL SPOT  
Time  Routine 
8:00-10:00 Price forecasts for tomorrow’s wholesale market is 
performed by the MBVPP 
10:00-10:30 Bids are submitted by DER owners to the MBVPP’s 
internal day-ahead market 
10:30-11:30 MBVPP aggregates the bids   
11:30-12:00 MBVPP submits the aggregated bids to Nord Pool 
Spot 
(13:00-14:00) Nord Pool Spot clears the market and informs the 
MBVPP  
(14:00-19:00) MBVPP makes a final aggregated production plan 
(15:00-19:00) Final production schedule is submitted to the TSO  
(16:00-19:00) Final production schedule is determined by the TSO 
and sent back to the MBVPP 
19:00-20:00 Final production schedule is sent to DSOs for 
security check 
20:00-21:00 Final production  schedule are approved/revised by 
DSOs and sent back to the MBVPP 
21:00-22:00 Each DER unit receives its final production schedule 
for tomorrow from the MBVPP 
Note:  Time periods in brackets are realistic with Nord Pool Spot [13] 
    
    2)  Scenario 2: Price Signal Control 
 
  The price signal market scenario allows DER owners 
to response to a series of price signals published by the 
MBVPP operator for their generation planning or real 
time operation. Certain degree of indirect control over the 
DER units is thus obtained by MBVPP operator through 
varying price signals; however the intelligence level of 
MBVPP operator has to be highly raised compared to the 
one required in the bidding scenario. 
 
Fig. 3.  Price signal market scenario of the MBVPP 
 
As illustrated in Fig. 3, at the beginning of each market 
round, the MBVPP has to design a package which 
includes the target value for the volume of wanted power 
production during a specific time period as well as a price 
cap. The package can be quoted from either a bilateral 
contract signed with other market players or part of 
MBVPP’s bidding curve for external market trading 
which is estimated by MBVPP operator. Generally, the 
price cap has to be set at a reasonable level in order to 
guarantee the profit of MBVPP developer. After sending 
out the first price signal to the DER owners, MBVPP 
operator has to wait for the responses. If the accumulated 
power from the feedback is lower than the wanted 
volume, the buy price will be raised to attract more 
willingness of DER units to sell their excessive 
generation. Vice versa, over-positive feedbacks will 
result in a lower price signal to cut down the overall 
volume.  This closed-loop auction continues till the target 
value is reached. However, several key factors in this 
process have to be properly designed to ensure the 
flawless operation. 
a. Number of participants: An auction with few 
participants can hardly be successful every time. 
Therefore only a large number of participants with 
diversified generation portfolios are the basis for 
implementing the price signal scenario. 
b. Time period for each auction round: Basically, the 
time period for each auction can be very flexible and is 
only limited by communication barriers. However, if the 
time period is very short, for instance 1 minute, many 
DER units may not be able to respond in time. In case of 
a long period like 30 minutes, the auction may be closed 
much earlier and leave a time blank. Therefore, 
investigations over hardware limits and simulations on 
DER units’ behaviors under different auction time 
periods have to be further exploited to ensure the acute 
cooperation. 
c. Wanted volume: The wanted volume has to be 
lower than the overall generation capacity of MBVPP. In 
order to guarantee this, the MBVPP can either estimate 
its capacity based on the accumulated experience from 
learning period or make each DER unit report their 
available capacity before auction starts. 
d. Starting price and price change: Certain range has 
to be reserved between starting price and price cap. Price 
change pΔ between each auction step has to be effective 
to save communication resources. Therefore, in order to 
develop a pricing scheme that fulfills these requirements, 
a comprehensive investigation on DER units’ behaviors 
over different price signals has to be carried out.    
Even though the listed factors are well designed, 
emergency cases, like committed units suddenly turn 
offline, may still come along. Therefore, having local 
reserves and close relationships with neighboring energy 
resources can further enhance the system robustness. In 
addition, starting another shorter term auction round with 
emergency price could be another resort.      
 
    3)  General Bidding vs. Price Signal Control 
 
 With both scenarios, MBVPP is able to provide an 
open platform to all kinds of DER to get access to the 
energy market without intervening in the decision making 
process of DER owners. Further, both scenarios can be 
applied to regulate either forward markets or an almost 
real time markets.    
General bidding scenario as a conventional market 
scenario which lets market participants bid at the prices 
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 with their preferences. This requires high intelligence 
level for each DER owner, as bidding at a higher price 
may result in losing the opportunity of selling. Therefore, 
every owner has to bid at the marginal price of his system 
in order to pursue extra profit. However, this scenario 
may frustrate some DER owners if they fail to sell their 
excessive generation capacity continuously.      
As for price signal scenario, DER units can respond to 
their preferred price levels. Uncertainties associated with 
the DER behaviors under variable price signals may 
result in unsuccessful auctions. In this occasion, an 
intensive pre-study on DER behaviors under variable 
price signals are necessary to enhance the market 
robustness under this scenario. Nevertheless, at the early 
stage of implementing MBVPP, this scenario may be 
more welcome by the DER owners since the right of 
decision is to some extent back to them. 
From a MBVPP operator’s point of view, a general 
bidding scenario is more reliable than a price signal 
scenario. A MBVPP running a general bidding scenario 
can live on the brokerage fees it charged from every 
participants and leave the risk to the DER owners. On the 
opposite, a MBVPP running price signal scenario has to 
bid in the external market based on its estimated capacity 
and price. As this act is prior to knowing how each DER 
owner will respond to the MBVPP published price signal, 
more risk is allocated to the MBVPP operator.   
  It’s possible for a MBVPP to run on either of the two 
market scenarios independently while another possibility 
could be running both of them sequentially as they both 
expose pros and cons. Making general bidding organized 
internal market compatible with the external day-ahead 
market or hour-ahead market while making price signal 
controlled internal market compatible with the real time 
market may offer a user-friendly market to MBVPP 
participants, which can further provide experiences for 
the later internal market designs.   
III.  CASE STUDY 
In this section, general bidding scenario and price 
signal scenario are applied to a local MBVPP’s day-
ahead electricity trading and real time trading 
respectively. Objectives of the case study are to: 
• Illustrate the MBVPP concept with a detailed 
simulated physical system  
• Demonstrate the MBVPP internal market 
scenarios by numeric examples 
• Provide the DER units, such as μCHP system,  
with basic understanding of how to play in the MBVPP’s 
internal market  
As given in Fig. 4, the simulated MBVPP system is an 
expansion of the single μCHP system described in [14], 
while same symbols are used to describe the system’s 
characteristic. Such system comprises 4 households with 
different daily load profiles of electricity and thermal 
consumption. Every household is assumed to be equipped 
with an identical μCHP system, all of which are 
connected to a 400V electric feeder. Utility companies 
are still involved to provide electricity to each household 
at a fixed price level of 0.115€/kWh. Meanwhile, the 
natural gas is supplied by fuel suppliers at 0.048 €/kWh 
which is also assumed to be fixed in the simulation. The 
MBVPP therefore only buys the excessive electricity 
from each household after an economic optimization of 
each μCHP system is carried out by each household. The 
model for μCHP system with optimized operation under 
varying electricity buyback price is also quoted from [14] 
with same assumptions concerning the operation of every 
single system, while technical parameters for every 
μCHP system are given in Table II. The simulation is 
done with GAMS [15].  
 
Fig. 4.  Physical layout of a MBVPP  
 
TABLE II 
LIST OF VALUES FOR PARAMETERS UTILIZED IN CASE STUDY 
Technical Assumptions Elaboration 
kWf boiler 30max_ = Auxiliary boiler 
kWf uCHP 24max_ =
μCHP unit with internal combustion 
engine driven by natural gas 
kWhh s 28max_ =
Heat tank is in size of 500 liters with 
temperature range 20 oC -70oC 
%5.85)( =iboiler tη Assumed to be fixed over the year (The 
peak efficiency of modern μCHP unit is 
around 90%; however 80% is used here 
since  operational conditions with lower 
efficiency such as start up, shut down and 
partial load are not taken into account in 
the simulation) 
%80)( =iuCHP tη
2)( =itα  
 
A.  General Bidding Scenario   
The general bidding scenario, in this case, is applied to 
a day-ahead operation scheme. The forecasted load 
profiles concerning both electrical consumption and 
thermal consumption of each household for tomorrow are 
given in Fig. 4, while the spot market price is also 
predicted by MBVPP given in Fig. 5.  
 
 
Fig. 5.  Daily energy load profile for the next day of each household  
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Fig. 6.  Spot market price for the next day 
 
Based on the given information, each μCHP system is 
therefore able to make a cost-minimized generation 
schedule for tomorrow and bid for their excessive 
generation at their marginal costs when the trading is 
conceived profitable. Utilizing the method given in [14], 
the bidding blocks for each household at every single 
hour are derived and given in Table III. According to the 
predicted price curve, at most hours the householders are 
not willing to inject power back to the grid except for 
hour 18-20, when there’s a price peak coming along. As 
long as the bids are received by the MBVPP operator, 
aggregation is carried out to get the overall biding blocks 
for each hour, as given in Table IV, which is later 
submitted to the external spot market. 
TABLE III 
BIDDING BLOCKS OF EACH HOUSEHOLD FOR THE NEXT DAY  
Hour 
Household 1 Household 2 Household 3 Household 4 
Amount 
(kWh) 
Price 
(€/KWH) 
Amount 
(kWh) 
Price 
(€/KWH)
Amount 
(kWh) 
Price 
(€/KWH) 
Amount
(kWh)
Price 
(€/KWH)
1-17 - - - - - - - - 
18 - - - - 0.1895 0.0677 - - 
19 0.48 0.0677 1.4142 0.115 0.2894 0.0677 4.18 0.115
20 1.296 0.0677 - - 0.6082 0.0677 - - 
21-24 - - - - - - - - 
TABLE IV 
AGGREGATED BIDDING BLOCKS OF MBVPP  
Hour MBVPP Amount (kWh) Price (€/KWH) 
1-17 - - 
18 0.1895 0.0677 
19 0.7694 0.0677 5.5942 0.115 
20 1.9042 0.0677 
21-24 - - 
 
B.  Price Signal Control Scenario 
The MBVPP applied with the price signal control 
scenario is on the assumption that it has to deliver 
0.8kWh (±1%) over 5 minutes from 10am. Thus, at 
9:55am, the MBVPP operator sets the price cap at 
1€/kWh and requests the householders to report their 
available capacities in the wanted time period. 
Meanwhile, each μCHP system develops a price function 
associated with its electrical production. For simplicity, 
this function is further assumed to be a linear function of 
available electrical capacity as in (1), and the overall 
parameter settings are randomly selected in this case as in 
Table VI, with exception of the values for parameter a 
which are calculated to reflect the cost for generating one 
unit of electricity under two conditions depending on the 
accompanied heat production being useful or wasteful 
[16]. In practice, more concrete price functions regarding 
different technologies can be developed.  Price 
change pΔ between each round of negotiation is also 
randomly selected by the MBVPP operator.  
Pel = aX + b                   (1) 
Where Pel is the price, at which the householder wants to 
sell his excessive electrical capacity (€/kWh); X is the 
available electrical capacity of μCHP system for the 
required period (kWh); a and b are constants that reflect 
the market value associated with electrical generation (€) 
and the householder’s add-on value (€/kWh) respectively.     
TABLE VI 
PARAMETER SETTINGS FOR EACH HOUSEHOLD  
 Price Function Available Electrical Capacity (kWh) 
Household 1 PEL1 = 0.18X1+0.05 0 X10.5 
Household 2 PEL2 = 0.05X2+0.09 0 X20.2 
Household 3 PEL3 = 0.05X3+0.02 0 X30.3 
Household 4 PEL4 = 0.18X4+0.07 0 X40.4 
 
The simulated result is illustrated in Fig. 6, wherein it 
takes 6 rounds to come on to the final agreement. The 
solid line with cross on it indicates the price change 
during the negotiation, while the bars represent the replies 
of each householder following the price change. Final 
agreement is reached at price 0.0955€/kWh, while the 
total obtained energy is 0.805kWh.  
 
Fig. 7.  Process of negotiation 
 
As the two scenarios are applied to different cases, 
total system cost associated with each scenario is not 
calculated and compared in this case study. However, 
when both scenarios are applied to a unique time frame 
with the same electrical demand in the simulated system, 
same system costs can be envisioned if pΔ is assumed to 
be infinitely small. In other words, the two scenarios have 
the same effectiveness in regulating a non-gaming 
market. 
IV.  CONCLUSIONS 
In this paper, a model for an enabling concept MBVPP 
is proposed to integrate DER to the current electricity 
market as well as the electrical grid via its internal 
market. Economic operation of and extra contributions to 
the electrical grid made by every DER unit are therefore 
achieved, thanks to the nature of the market. In addition 
to providing seamless connections between the internal 
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 market and the external market, a general bidding 
scenario and a price signal control scenario, being two 
flexible alternatives, are explained, compared and utilized 
to regulate the internal market of MBVPP. A case study 
of a MBVPP comprising four μCHP systems is carried 
out to demonstrate both market scenarios.    
The work presented in this paper is part of the work in 
developing a generic VPP. Further exploration of related 
topics, such as developing an efficient pricing scheme 
used in the price control scenario, investigating 
diversified DER generation portfolios, testing the internal 
market efficiency and developing emergency operation 
schemes, is necessary. Finally, analysis is recommended 
to be done to reveal the possible impacts to current 
electricity market when a large number of MBVPPs are 
introduced.    
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 
Abstract-- When a number of μCHP systems are aggregated as 
a Virtual Power Plant (VPP), they will be able to participate in 
the electricity wholesale market with no discrimination compared 
to conventional large power plants. Hence, this paper investigates 
the electricity export capability of the μCHP system when the 
electricity buyback price is given at a value equalizing the 
dynamic spot price. A μCHP system is modeled with optimized 
generation, and the marginal price of electricity export for such 
system is explained. A sensitivity analysis of several key factors, 
e.g. fuel price, heat to power ratio of the μCHP unit, which 
influence the export capability of μCHP system, is firstly carried 
out in the intraday case study, followed by the annual case study 
which explores the annual system performance. The results show 
that the electricity export capability of a μCHP system is closely 
related to its technical parameters, the associated energy price 
during the trade, as well as the demand profile. Furthermore, the 
μCHP system running under fluctuating spot price is likely to 
gain more profit than that running under a fixed electricity 
export price. 
 
Index Terms-- marginal price, sensitivity analysis, spot price, 
Virtual Power Plant, μCHP system 
I.  INTRODUCTION 
ombined Heat and Power (CHP) plant, representing  the 
distributed energy resources (DER), provides significant 
reductions in carbon emissions and costs by generating both 
heat and electricity locally with efficient use of fuel and by 
offsetting the use of centrally-generated electricity from the 
grid. In recent years, much interest has been put into 
producing and deploying CHP systems for use in small 
commercial and residential environments as the trend towards 
a decentralized electricity system with diversified electricity 
production is becoming more and more apparent [1]-[3]. For 
small commercial applications, the CHP devices with tens of 
kWel, which are mainly based on Internal Combustion Engine 
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(ICE) technology, have been commercially available for many 
years. For residential applications, most available CHP units 
with several kWel are based on Stirling Engine technology. 
Fuel cell-based CHP systems are currently thought to be a 
few years away from large scale deployment [4], they are 
believed to introduce higher degree of carbon savings due to 
their high electricity efficiency. 
However, similar to other DER units, the CHP units are 
often operated independently and lack of efficient 
participation in the electricity market. The former weakness 
limits the add-on values of CHP systems, e.g. providing 
ancillary services, which could benefit both the power system 
and the CHP owners; while the latter weakness results in 
non-optimized operations of CHP systems when their 
operations don’t follow the market change which indicates an 
immediate resource allocation of the energy society.    
One of the solutions to the mentioned issues connecting 
small-scaled DER units like CHP to the grid is to use a 
concept so-called Virtual Power Plant (VPP), which could be 
simply considered as an aggregation approach. The European 
project CRISP provided a short definition in [5]: A Virtual 
Power Plant is “an aggregation of DER units dispersed among 
the network, but controllable as a whole generating system”. 
Other definitions have been provided by the European project 
FENIX [6] and the European Virtual Fuel Cell Power Plant 
[7] as well as in many academic papers[8]-[10]. Although the 
definition of VPP varies as the method of aggregation changes 
from one to another, it can be basically categorized in two 
groups: indirect controlled VPP and direct controlled VPP. 
Indirect Controlled VPP: uses incentives like variable 
pricing concerning both generation and consumption to 
encourage the DER units to decide locally in order to 
maximize their profit. A VPP organized electricity market 
could be made available to take care of the energy balance 
and to create increasing profit margins for DER units as given 
in Fig. 1. The aggregator, in this case, can not define the 
behaviors of the DER units by setting target values but can 
control the DER units by varying the incentives of energy 
purchasing or consuming  on a statistical basis. 
Direct Controlled VPP: performs a direct control over its 
joined DER units based on the acquired information, such as 
market price, contract types, available transmission capability, 
from the wholesale electricity market and the grid. The whole 
group of DER units is thus operated optimally to some extent, 
depending on the intelligence level of the VPP aggregator. 
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Fig. 1. A structure for market-based Virtual Power Plant 
 
Disregarding the uncertainness introduced by varying 
aggregation approaches, small DER units like the CHP are 
yet believed to have more efficient market participation 
through VPP in the future. Based on the varying market price, 
the price-responsiveness of these units would benefit both 
themselves and the grid operator. For instance, high electricity 
market prices that imply insufficient energy supplies will be 
attractive for CHP units to generate more electricity and sell 
it back to the grid which in turn alleviates a critical situation. 
The paper investigates the electricity export capability of 
the CHP system under the VPP scheme, meaning the 
electricity buyback price is given at a value equalizing the 
dynamic market price. A CHP system with optimized 
generation was modeled in Section II, while the marginal 
price of electricity export for such system is also explained in 
the same section.  Section III shows the result of a case study, 
wherein the CHP system model applied with spot market 
price is utilized to meet the demand of a multi-family house. 
The intraday analysis including sensitivity studies on specific 
factors and the annual analysis on system electrical 
performance are both done in this part, respectively. Section 
IV concludes the paper. 
II.  MODEL OF A CHP SYSTEM WITH COST MINIMIZATION 
In Fig. 2 a model of the relevant CHP system, modified 
from [11], is presented. A multi-family house installed with a 
CHP unit and the auxiliary units, e.g. boiler and heat tank, 
interacts with other energy entities. Primary fuels like natural 
gas or oils are supplied by the fuel supplier and electricity is 
fed in by the utility company. The excessive electricity 
produced by the system is bought by a local VPP at the spot 
market price.  The symbols of all the energy flows depicted in 
Fig. 2 and the accompanying prices are shown in Table I , 
noticing that they are all none-negative. 
 
Fig. 2. Model of a CHP system for a multi-family house 
 
TABLE I 
LIST OF SYMBOLS IN CHP SYSTEM MODEL 
nit i  1,  A specific time slot and the total number of 
time intervals in one optimization period 
)()( , ingiin tPtf  Total primary fuel input (kWh) for the system 
and its price (€ /kWh) at ti 
boileruCHP ff max_max_ ,  Maximum fuel input (kWh) for CHP and 
boiler respectively  
)(),(
_ iboileriboilerin thtf  Fuel input (kWh) for boiler and its thermal generation (kWh) at ti 
),(
_ iuCHPin tf )( it  Fuel input (kWh) for CHP unit and the heat to power ratio of the unit at ti  
)(),( iuCHPiboiler tt   Total energy generation efficiency of boiler and 
CHP unit in % at ti 
max__ ),(),( sisoutis hthth  The heat stored (kWh) in heat tank at the end 
of ti, heat output (kWh) of heat tank at ti and 
the maximum storage capability of heat tank 
(kWh) 
)()( , iuCHPiuCHP thte  Electrical production (kWh) and thermal 
production (kWh) of CHP unit at ti 
)(),( iexiex tPte  Exported electricity (kWh) and its price  (€ /kWh) at ti 
)(),( iimiim tPte  Imported electricity (kWh) and its price  (€ /kWh) at ti 
)(),( idemandidemand teth  Electrical demand (kWh) and thermal demand (kWh)  at ti 
)(arg iinalm tC  The marginal price (kWh) for electricity export 
at ti 
)( itCost  System cost (€) for ti 
In this process, a group of equations indicating physical 
energy balances are given as follows: 
Production Balance:  
)()()(
_ iboileriboileriboilerin thttf   
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(3) 
Fuel Balance:  
)()()(
__ iiniuCHPiniboilerin tftftf                          
 
(4) 
Electrical Balance: 
)()()()( idemandiexiimiuCHP tetetete        
 
(5) 
Thermal Balance:  
)()()(
_ idemandisoutiboiler ththth            
 
(6) 
Thermal Storage Balance:  
)()()()(
_1 isisoutisiuCHP thththth    
 
(7) 
Subject to capacity limit of every device:  
Capacity limit of boiler: 
boileriboilerin ftf max__ )( 	                         
 
(8) 
Capacity limit of CHP: 
uCHPiuCHPin ftf max__ )( 	  
 
(9) 
Storage limit of heat tank: 
max_)( sis hth 	           
 
(10) 
The object of such system, as in (11), is to minimize the 
total cost for one optimization period which includes n time 
intervals. 
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)()()()()()()(cos  (11) 
By knowing the information regarding both energy prices 
and demand profiles in advance, the CHP system is capable 
of generating a cost-minimized production schedule. The 
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schedule defines the setting point of each unit within its 
generation margin at every time interval. The heat demand is 
met by either CHP unit or the auxiliary boiler or both, 
depending on an economic evaluation of the system cost. Heat 
tank as the thermal storage unit, provides more flexibility to 
CHP system during electricity export. In other words, the 
CHP system could generate more electricity for export 
purpose while storing the excessive heat in heat tank in the 
case of low heat demand but with high electricity export price. 
In real time, the system follows the schedule and meets its 
local demand with the least system cost. During this process, 
several assumptions are made and listed below: 
  Precise prediction on energy prices and local demand, 
this could be possible as long as the VPP has a reliable 
forecasting system and the optimization period is very 
close to real time, like 5 minutes ahead; 
  Intelligent modules with both computational capabilities 
and controllability are installed in the system;   
  The whole system is lossless; 
  Heat dump is not allowed; 
  Start up cost and shut down cost are ignored; 
The marginal price for electricity export of such system is 
a time dependent variable. It indicates the price level at which 
the CHP system is willing to produce one more unit of 
electricity for export. It can be derived by comparing the 
optimized schedules under zero buyback price and marginal 
price.  
When nitP iex  1,0)( , the total system cost can be 
calculated as )( tCost , indicating the total system cost for 
previous schedule in one optimization period. 
When )()( arg ainmaex tCtP  , and naaitP iex  1,11,0)( , 
the total system cost can be calculated again as )( tCost , 
indicating the total system cost for the new schedule in the 
same optimization period. 
Once )()(   tCosttCost , the marginal price for the 
specific time interval at can be derived. By repeating this, the 
marginal prices for all intervals in one optimization period can 
be found. 
For the buyback price at a specific time interval, it doesn’t 
incur any electricity export until it exceeds the corresponding 
marginal price and further results in a less system cost for the 
whole optimization period. 
In the situation that the optimization period only includes 
one time interval it , the marginal price equation can be simply 
derived as follow: 
                                     )()(
)1()()()()()(
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(12) 
The right side of (12) depicts the system cost when there is 
no electricity export since the buyback price is zero. It 
comprises the boiler cost, the cost for imported electricity as 
well as the cost for CHP generation. The left side of (12) 
describes the updated system cost when electricity export 
occurs at the marginal price of CHP system. From the 
equation, it’s easy to find that the marginal price for 
electricity export is closely related to the technical parameters 
of each device and the energy prices involved in the trading 
process. 
The marginal price derived in (12) is different from the 
value derived when the optimization period consists of many 
continuous time intervals. It is because the latter situation 
couples the marginal price for one time interval with the other 
time intervals. This theoretically leads to a more cost-effective 
schedule than the one optimizing a single time interval, since 
the storage capacity at this time interval can be saved for 
latter use when a higher buyback price is foreseen in the 
coming time interval.  
III.  CASE STUDY 
In the case study, the CHP system is applied to a multi-
family house. It aims at explore the export capability of the 
CHP system based on the marginal price method given in 
section II. The annual demand profile for the house is on 
hourly basis and its average monthly profile is given in Fig. 3. 
Both intraday and annual analyses concerning the system 
performance are carried out in this section, wherein an annual 
hourly spot price from NordPool [12] is assumed to be 
electricity buyback price. Each optimization period is defined 
as a day and the time interval is thus considered as an hour. In 
the intraday analysis, sensitivity study concerning the 
marginal price of electricity export for the modeled CHP 
system is done with three factors,
ngP , uCHP  and  in both 
summer day and winter day. Following that, annual economic 
performance and export performance of such system are 
evaluated and further compared with the same system running 
under a fixed buyback price equalizing the average spot price. 
Values for the parameters used in the case study are given in 
Table II. Assumption made in section II also applies to the 
case studies, furthermore several variables are assumed to be 
fixed as shown in Table II. As a linear optimization problem, 
GAMS [13] is employed to simulate the process and find out 
the optimal solution. 
 
Fig. 3. Demand Profile for Multi-family House 
A.   Intraday Study 
The intraday study includes studies on both winter day and 
summer day.  Sensitivity analysis, including 4 scenarios: 
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system with original settings, system with -10% gas price, 
system CHP efficiency equals 88%, system with CHP 
unit’s heat to power ratio equals one, are carried in winter and 
summer, respectively. In each scenario, values for all the 
parameters are cited from TABLE II except for the indicated 
parameter.  
TABLE II  
LIST OF VALUES FOR PARAMETERS UTILIZED IN CASE STUDY 
kWf boiler 30max_   Auxiliary boiler 
kWf uCHP 24max_   CHP unit with internal combustion engine driven by natural gas 
kWhh s 28max_   
Heat tank is in size of 500 liters with 
temperature range 20 oC -70oC 
%5.85)( iboiler t  Assumed to be fixed over the year (The peak 
efficiency of modern CHP unit is around 
90%; however 80% is used here since  
operational conditions with lower efficiency 
such start up, shut down and partial load are 
not taken into account in the simulation) 
%80)( iuCHP t  
2)( it  
)( iex tP  Hourly price from spot market of NordPool 
115.0)( iim tP € /kWh 
Assumed to be constant tariffs over the year 
 048.0)( ing tP € /kWh 
)(),( idemandidemand teth   Hourly basis  
 
Case 1: Winter Day 
As given in Fig. 4, the hourly based demand profile in the 
studied winter day has a very high heat to power ratio. When 
the parameter settings is kept the same as given in TABLE II, 
the marginal price for such system is around 0.0677€ /kWh in 
most hours except for hour 18, in which the marginal price is 
an infinite value. This is because the CHP system has 
exerted all its power to meet the peak electrical demand at 
hour 18, export is thus impossible. Following the peak of spot 
price, export starts at hour 19 and hour 20, as shown in Fig. 5. 
 
Fig. 4. Demand Profile for Multi-family House in a Winter Day 
   
Fig. 5. Electrical Export for Different Scenarios in a Winter Day 
 
Fig. 6. Marginal Price for Different Scenarios VS Spot Price in a Winter Day 
 
As presented in Fig. 5 and Fig. 6, changes to the parameter 
settings can cause a deviation of marginal price from the 
values derived under original system settings. The scenario 
with CHP efficiency equals 88% results in the lowest 
marginal price at 0.0514€/kWh, and this further leads to 
continuous electricity export from hour 17 to hour 20. The 
scenario with heat to power ratio of CHP unit equals 1 has a 
higher marginal price than the one with lower gas price; 
however as the electrical efficiency is accordingly increased 
by 10%, the CHP unit has more excessive electricity than 
that of the other scenarios. 
 
Case 2: Summer Day 
As given in Fig. 7, in contrast to the hourly based demand 
profile in a winter day, heat to power ratio of the demand in a 
summer day is less than 1 in most of the time. This results in a 
lot extra heat when the CHP system generates electricity. In 
turn, the extra heat limits the export capability of such system 
and incurs a pretty high marginal price for electricity export. 
The marginal price given in Fig. 8, is equal to the electricity 
import price in all previous scenarios explored in a winter day. 
This is because varying only one parameter in a reasonable 
range as before is not enough to incur an efficient electricity 
production than buying it from the grid. Therefore, another 
scenario with both increased CHP efficiency and lowered 
heat to power ratio of the CHP unit is conducted. A lower 
marginal price at 0.1091€/kWh can be derived, as given in Fig 
8. However, this is still much higher than the spot price. No 
electricity is injected back to the grid in this summer day. 
 
Fig. 7. Demand Profile for Multi-family House in a Summer Day 
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Fig. 8. Marginal Price for Different Scenarios VS Spot Price in a Summer Day 
B.  Annual Study 
Utilizing the values for parameter given in TABLE II and 
the annual hourly spot price given in Fig. 9, the optimization 
process in each day is run through the whole year. Simulated 
result is given Fig. 10. It shows that such CHP system can 
export little electricity in winter and spring. No electricity is 
exported in summer and fall, since the low heat demand 
results in relative high marginal prices. 
 
Fig. 9. Hourly Price of NordPool Spot Market in 2006 
 
Fig. 10. Annual Electrical Performance of CHP System under Spot Price 
 
Similar study on the annual electrical performance of 
CHP system is done with fixed buyback price. The price is 
considered to be the average value of spot price, equalizing 
0.048€/kWh. As depicted in Fig. 11, CHP system under such 
pricing scheme export none electricity to the grid. Although 
less electricity is produced by CHP system in such scheme, 
the annual cost is a little higher than that under the spot price 
scheme. 
 
Fig. 11. Annual Electrical Performance of CHP System under Fixed Price 
 
Table III summarizes the CHP system performance under 
different pricing schemes of electricity export. The CHP 
system under spot price is found to be with less system cost 
and more electricity production.  In other words, variable 
export price for electricity may save little for the CHP 
owners, but it does incur more exported electricity from such 
small units. This would ultimately make great contributions to 
alleviate the inadequacy of electricity supply at critical 
moments if more CHP units are deployed efficiently in the 
power system. 
TABLE III  
COMPARISON OF SYSTEM PERFORMANCE UNDER DIFFERENT PRICING SCHEMES 
Pricing Scheme Total Cost (€) 
Generated 
Electricity 
(kWh) 
Exported 
Electricity 
(kWh) 
Spot Price 4223.6 18521 1037 
Fixed Price 4243.6 17484 0 
 
IV.  CONCLUSIONS 
This paper investigates the electricity export capability of a 
CHP system getting dynamic export price through a Virtual 
Power Plant. This study provides the foundation for VPP 
developers and system operators to develop rational pricing 
schemes, which shall maximize the utilization of DER units in 
a more efficient way.  
Based on the proposed cost-minimized CHP model, 
marginal price for electricity export of such system is 
explained. Case studies demonstrate that the marginal price 
for a CHP system is higher than the spot price in most time 
of the year. However, as the spot price fluctuates dramatically 
in spring and winter, some electricity can be sold back to the 
grid in case of a high spot price. In the context of very low 
heat demand, especially in summer, high marginal price is 
found when heat dumping is not allowed. The change of 
marginal price for CHP systems indicates that such systems 
would be utilized more efficiently if they were installed at 
places with high thermal demand during the year.  
Variable price for electricity export can exert more 
electricity from CHP systems than fixed export price. 
However, in order to completely use the electricity export 
capability of CHP systems especially in summer days, VPP 
developers may have to develop more effective dynamic 
pricing schemes rather than using spot price.     
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ABSTRACT
The emergence of Virtual Power Plant (VPP) can 
be attributed to the major boost of distributed 
energy resources (DER), which satisfies the 
changing needs of modern society on energy 
industry. Based on this concept, DER units 
disregarding the differences in their individual 
technology are loosely aggregated with a unique 
interface to the external grid and the energy 
market. This paper gives a brief overview of state 
of the art of the VPP technologies and proposes a 
generic VPP (GVPP) model running under 
liberalized electricity market environment. An 
attempt is made to provide an outline of the main 
functions that are necessary for the efficient 
operation of the GVPP. By utilizing the developed 
function-based platform, GVPP developers with 
different system requirements are able to get the 
most flexibility out of the GVPP model. A case 
study shows how a broker GVPP is developed 
based on the selection of appropriate functions. 
1.   INTRODUCTION 
The traditional delivery of electricity from large, 
centrally controlled power plants is presently being 
complemented or even substituted by distributed 
energy resources (DER) due to the improved 
efficiency, higher flexibility and environmental 
friendliness of the latter [1]. However, along with 
their merits, these customer-side located energy 
resources are creating new and challenging issues 
related to both technical and economic aspects.  
Technically, the DER units installed until now are 
mostly operated without coordination or remote 
control, feeding in a maximum possible generation. 
This may result in unexpected congestions when 
the generation capacity in one area exceeds the 
local demand and incurs reversed power flow [2].  
Economically, many DER are deployed as “fit and 
forget”. In other words, today the potential of 
replacing conventional power plants with the 
increased number of DER units is not exploited at 
all. Further, regarded as resources with small 
generation capacity, the DER is generally 
prohibited from entering the present electricity 
market [3]. While most of the grid activities are 
coupled with different market products in today’s 
liberalized electricity market, this barrier to a great 
extent limits the potential benefits of DER. 
One way to address the above issues is to aggregate 
a number of DER units in a so-called Virtual 
Power Plant (VPP). In this construction, the group 
of DER units will be directly/indirectly controlled 
to achieve certain objectives. The aggregation can 
be guided by functional needs, geographical 
locations, the nature of generation technologies or 
other kinds of commonalities.  
Rather than dwelling on any specific kind of VPP, 
this paper proposes a model named Generic Virtual 
Power Plant (GVPP) which generalizes the targets 
and the architecture of the VPP. Further, by 
applying a function-based design method, a 
function-based GVPP platform can be obtained 
providing high flexibility to generalized VPP 
developers to meet their various needs.  
This paper is organized as follows. Section 2 
reviews the current VPP technologies. Section 3 
elaborates on the concept of GVPP and its main 
features. Section 4 presents a functional designed 
approach to GVPP. Section 5 presents a case study 
wherein a broker-like GVPP is developed via 
selecting the appropriate functional modules. 
Section 6 concludes this work.     
2. REVIEW OF VPP TECHNOLOGIES 
The VPP-like configuration was conceptualized as 
Virtual Utility (VU) in [4] in 1997, which is a 
flexible collaboration of independent, market-
driven entities that provides efficient energy 
service demanded by consumers without 
necessarily owning the corresponding assets. After 
recognizing the merits of DER, further 
developments based on the VU have been made in 
literatures and filed tests in order to address the 
ensued issues. The differences between the 
different developments are in the choices of DER 
technologies (i.e. fuel-cell based VPP and virtual 
biogas power plant, etc.), in desired activities (i.e. 
energy trading, grid support, etc.) and in control 
strategies (i.e. direct controlled VPP and indirect 
controlled VPP, etc.).[5] As the first two choices, 
the technology based and the activity based have to 
rely on their control strategies, thus the control 
strategy appear to be generic in another level above 
the former two. Basically all the present VPPs can 
be categorized in three groups according to what 
control strategy is implemented: direct controlled 
VPP, indirect controlled VPP and a mix of the two 
control strategies.  
Direct Controlled VPP:  performs a direct control 
over its portfolio of designated DER units based on 
all available information, such as market price, 
contract types, available transmission capability etc. 
The whole group of DER units is thus operated 
optimally to some extent, depending on the 
intelligence level the VPP aggregator.  Although 
other studies [6] have shown that the DER 
resources in ideal conditions (such as precise 
weather forecasting and no sudden changes) can be 
coordinated very well according to predefined 
plans, the disadvantages of a direct controlled VPP, 
such as scalability and adaptability are obvious. 
Indirect Controlled VPP: uses incentives like 
variable pricing concerning both generation and 
consumption to encourage the DER units to decide 
locally on whether or not to participate/connect. 
The aggregator, in this case, can still achieve a 
degree of controllability by varying the incentives 
of energy production or consumption based on 
statistical information, production and consumption 
forecasting and accumulated experience with 
incentive based behavior. Price-based control 
methods [5] and agent-based market-oriented 
algorithms [7] are good examples of such indirect 
control strategies utilized in the VPP, however 
there exists no published or written guarantee of 
the quality of the services delivered by such VPPs. 
Further, the income of the individual DER owner 
has to rely on the intelligence level of either the 
human being or the local controller of his unit. 
A mix of the direct controlled VPP and the indirect 
controlled VPP can simply be regarded as a 
hierarchical structure wherein direct control and 
indirect control reside at different levels in order to 
maximize the value of the given communication 
and calculation resources.  
Although there has been no consensus on how to 
aggregate the DER into a VPP framework in the 
best way, it is well understood that such 
aggregation service is necessary for facilitating a 
large-scale integration of the DER in the current/ 
future power system.  
3. GENERIC VIRTUAL POWER PLANT  
Instead of proposing a specific framework of a 
VPP composed of specific DER technologies, a 
more general concept so-called generic VPP 
(GVPP) is suggested in this paper. Compared with 
an individual VPP technology, the GVPP has its 
unique but generic characteristic: trading in the 
electricity market, through a function-based design 
on the basis of a generic architecture which 
welcomes all DER technology.  
The GVPP is a market-oriented entity and it 
aggregates and coordinates a great number of DER 
units, with the intention of being an eligible 
electricity market player by supplying the qualified 
market products. As the overall activities of the 
GVPP are correlated to the corresponding tradable 
market products of different time scales, the energy 
resources within the GVPP are allocated efficiently 
in order to avoid economic losses incurred during 
the process of trading. Meanwhile, the diversity of 
market rules and market products, to a great extent, 
define the requirements of a GVPP. 
Fig.  1. Architecture of the Generic VPP 
Even though the GVPP does not rely on any 
particular control strategy, it does have a generic 
architecture as given in Fig. 1. The DER units 
installed at different premises communicate with 
the GVPP bidirectionally through a common 
interface. Communication between every premise 
is possible if permitted by the technology and the 
regulatory framework. To the internal entities, the 
GVPP can act in different roles such as controllers, 
brokers or even traders on an ownership basis or a 
requirement basis. To the external entities, the 
GVPP appears as one legal body/representative 
which straightens out all the issues going with 
market transactions. A neural party may provide 
GVPP the necessary services e.g. metering, general 
authorization, financial validation/authentication 
and etc. In principle, the GVPP has to supply 
energy or services to the grid via a PCC (point of 
common coupling) where the quality of services 
can be measured; however, there can be many 
PCCs of a single GVPP when the DER units are 
aggregated over a large geographical area. In terms 
of grid security, a tight connection between GVPP 
and the grid operators (TSO/DSO) might have to 
be maintained, depending on the obligations that a 
GVPP has to fulfill.  
As consequence of its property of being a generic 
framework which maintains the openness to all the 
existing VPP technologies, the GVPP requires a 
function-based design. A set of functions have to 
be assigned to different functional modules 
respectively with respect to fulfilling varying tasks. 
The loose couplings between each functional 
module grants more flexibility to the VPP 
developers who have different desires with respect 
to their varying capital resources and varying 
environments.  
4.   FUNCTION-BASED DESIGN OF GVPP 
In this section, a function-based design approach is 
applied to design and develop a GVPP. As given in 
figure 2, all the DER units are linked to GVPP by 
an integration interface which builds up the 
communication channels between the GVPP and 
every DER. This interface can be developed 
according to IEC 61850-7-420, which standardizes 
the definitions of logical nodes of different DER 
technologies to increase the communication 
combinability [8]. The services that are collected in 
green blocks, named GVPP infrastructure, as a 
whole formulate the backbone of the entire system. 
The five functional modules, categorized by their 
application purposes, are interconnected by the 
GVPP infrastructure. As each functional module 
comprises several functional blocks in orange 
which further split the functionality of each 
functional module, the entire system becomes quite 
flexible. Individual functional blocks or a set of 
blocks even under different functional modules can 
be easily plugged in or out.  
A.  GVPP infrastructure 
The GVPP Infrastructure provides the software 
foundation of the entire system. It has to be applied 
with open interfaces for both internal functional 
applications and their party applications, and to 
guarantee the reusability of a set of basic services 
which include:  
z Configuration services; 
z Archiving services; 
z Reporting services; 
z Messaging services; 
z Logging services; 
z Calculation services; 
z Database services; 
z Alarming services; 
z User interface services; 
z Security services; 
Fig.  2. Function-based Design for the GVPP 
All the other functional modules can invoke the 
associate services whenever the need arises.  
B. Market Management 
The Market Management module is one of the key 
modules of a GVPP. It provides the market 
interface between the GVPP and all the energy 
markets from wholesale to retail. When the GVPP 
itself turns into a market operator, this module also 
provides the GVPP operator the necessary tools to 
manage the internal market. In general, there are 
three sub-functional blocks within this module: 
1) Market Interface Management: This functional 
block, as the name implies, handles the interface 
complexities invoked by the diversified market 
commodities (energy, ancillary services etc.), 
varying market trading protocols (long term, short 
term, pool and bilateral etc.) as well as the 
communication requirements. Through this module, 
the GVPP should be able to smoothly interface 
with all kinds of energy markets in all possible 
trading packages.  
2) Market Clearing: Differing from other market 
participants, the GVPP is an entity which may 
contain tens of thousands DER. As one of the 
possible management methods is to organize an 
internal market, wherein the DERs can submit their 
bids and offers following the internal market rules, 
the market clearing service maybe necessary. 
3) Trading Management: The trading management 
function block, following the Market Interface 
Management function, provides a systematic 
management of dealing process. It also collects the 
related data information which is later used by 
other modules. 
C. Financial Management 
The Financial Management module provides the 
necessary tools to assure a reliable money flow 
which tracks every market transaction. It also 
includes three sub-functional blocks to complete 
this functional requirement. 
1) Settlement:  The settlement function is used to 
complete the post-trade process by generating all 
the settlement statements, invoice requests and 
reports. It has to be capable of handling both 
standard data input (e.g. customer information, 
contract type etc.) and dynamic data input (e.g. 
bids, awards, metered values etc.) in an accurate 
way. The ability of collating discrepancies with 
other parties is also necessary.  
2) Billing and Accounting: This function manages 
the business accounting information and generates 
the financial reports that can be viewed by the 
corporate users of GVPP and individual customers. 
Meanwhile, it manages the billing activities 
conveniently.  
3) Meter Data Management: This function helps 
the GVPP to manage the ever-increasing volumes 
of metered data before letting the metered data 
flood into the settlement process. In addition, it 
creates a view of energy flow and decrease data 
complexity (data aggregation/mining).  
D. Generation Management 
The Generation Management module contains a set 
of applications which supervise and performs 
direct control or indirect control over the DER 
assets from planning stage to real time operation. 
But in general, this module has to include at least 
three sub-functions. 
1) Grid Interface Management: As the DER assets 
are distantly distributed in the electrical grid, the 
GVPP has to define a set of network points from 
where the services of GVPP can be provided to the 
grid and later on be evaluated. This function 
facilitates the indentation of such network points 
between the GVPP and the grid operator, and 
guarantees such services provided by GVPP 
comply with the grid code.   
2) Performance Monitoring:  This function carries 
out the real time communication between 
individual DER and the GVPP. Another possible 
communication channel would be the one between 
a local GVPP and the global GVPP when a 
hierarchical structure is formulated.  Data collected 
from all the real-time measurement or supervision 
(e.g. real time power output of individual DER ), as 
well as the aggregated generation/load profiles 
measured at PCCs are promptly dealt with by this 
function and transferred to the function module of 
control and dispatch.     
3) Control and Dispatch: The control and dispatch 
function performs the control functionality over 
DER assets in either direct orders or indirect orders 
which depend on the GVPP control strategies. In 
the case of a centralized controlled GVPP, this 
function carries out economic dispatch functions 
which give out the exact generation settings for 
each DER. In the case of a price signal controlled 
GVPP, wherein the GVPP regulates the price 
signals to trigger the generation of every DER, this 
function is in charge of distributing price signal. In 
the case of grid emergencies, this function executes 
direct control orders in accordance with the pre-
defined emergency schemes.   
E. Portfolio Management 
The portfolio management module intends to 
maximize the profits by managing the overall 
portfolio of GVPP in the best way from resource 
scheduling to bidding in the market. To meet this 
objective, the portfolio management module has to 
include: 
1) Forecasting: The forecasting function contains 
a set of applications related to different forecasting 
objects, e.g. weather, energy demand, market 
conditions and even the aggregated customer 
responses to different stimulating schemes. 
Forecasting methods can be briefly categorized 
into two groups which are based on linear time 
series analysis (e.g. autoregressive models, 
regression models) and nonlinear time series 
analysis (e.g. neural network models, support 
vector machines] ) [9] respectively.       
2) Aggregation Manager: The aggregation 
manager is a functional block which provides 
different aggregation methods to the GVPP 
developers when they want to select an aggregation 
method complying with their local conditions. 
These methods could be aforementioned ones 
implemented through direct control or indirect 
control or even a combination. In real time, this 
function utilizes the selected control strategies to 
make appropriate decisions. 
3) Resource Scheduling: This functional block 
determines the optimal schedules for resources 
especially in the context of centralized control. 
Traditional methods, e.g. dynamic programming, 
two stage optimizations [10] etc., which are used to 
manage the unit commitment problem from short 
term to longer term can serve the needs of this 
function. In the case of a GVPP running 
decentralized control, this function may be carried 
out by signing different types of contracts with the 
DER owners, such as contracting the DER as 
balancing reserve etc., in order to reach an optimal 
generation profile.       
4) Bidding Strategy: As the present electricity 
market is more or less an imperfect competitive 
market, the generators can bid for a price that is 
different from its marginal cost. This function 
therefore deals with different bidding strategies and 
determines the best settings. A survey of different 
bidding strategies are given in [11].  
F. Analytical Support 
This module provides an extensive analytical 
support to the GVPP, in order to achieve the 
objectives of providing data analysis support to 
other functional modules (especially the portfolio 
management module) and consummating the 
GVPP services by a continuous data mining.  Five 
sub-function blocks form the entire function.
1) Data retrieval: In addition to interfacing with 
different databases, either internal ones or the third 
parties’, this function also provides other services 
like data classification and data cleansing, which 
facilitate the use of data by other analytical 
functions. 
2) Market Analytics: This functional block 
investigates the hidden patterns of the historical 
market performances regarding price variation, 
energy demand variation and the competitors’ 
behaviors etc. When the GVPP operates an internal 
market to manage the DER, this functional block 
also provides necessary analysis on the internal 
market performance, based on which the internal 
market rules can be evaluated and improved. 
Market risks concerning price risks, quantity risks 
are also analyzed by this function.    
3) Resource Analytics:  The diversification of 
DER technologies results in a great complexity 
when the aggregation is carried out under a 
liberalized market condition. Such functional block 
investigates the performance of both individual 
DER technology and aggregated generation 
profiles according to different market environments. 
A great number of simulations and statistical 
analysis form the foundation of this function. The 
analytical results will benefit other functional 
modules such as aggregation manager and resource 
scheduling etc.     
4) Risk Analytics (Financial): This functional 
block particularly analyzes the risk related to 
financial liquidity of the developed GVPP. Further, 
it proposes the risk controlling methods to GVPP 
operators. 
4) Risk Analytics (Grid): As a generation entity 
comprising a great number of DER, the GVPP may 
cause congestions in distribution system. In general, 
it is the responsibility of the DSO to monitor and 
solve such issues. In case of grid emergencies such 
as black out takes place, the GVPP also needs to 
response immediately according to the either 
predefined emergency strategies e.g. islanding 
operation, or following the command of the DSO. 
Since the GVPP also faces the possibility of 
evolving into a utility, it may require analysis 
concerning security of the distribution system in 
the future. This functional block therefore meets 
such needs by running simulations of the local grid 
under severe conditions and presents the solutions. 
5.   CASE STUDY 
This case study presented in this section aims to 
illustrate how to use the developed function-based 
platform to develop an individual GVPP when 
individual needs have to be met.  
A broker-like GVPP system aims to develop an 
aggregated trading profile of a number of DER in 
the day-ahead electricity market of Nordpool [12]. 
It first generates the hourly bidding blocks for the 
next day based on its predictions. When delivery 
time approaches, the broker GVPP adjusts price 
signals in every minute to obtain the amount of 
energy delivered in real time as close as possible to 
the accepted bids. A detailed description of the 
control logic is given in [5]. All the DER 
participated in such system are assumed to be price 
responsive units. The broker GVPP, like many 
other generation companies, is exempt from grid 
security related obligations. Even though, the 
broker GVPP maintains a persistent cooperation 
with the local DSO, preparing to support requested 
services in case of grid emergencies.   
Apart from the integration interface and the GVPP 
infrastructure which constitute the system 
foundation, Table 1 lists out the priorities of the 
functional modules required by such broker GVPP.  
To further clarify the working flow of such a 
broker GVPP system, an information flow diagram 
linking the required functional modules is 
developed and given in figure 3. Functions like 
settlement, billing and accounting, are not included 
in figure 3 to avoid complexity, as they are post-
trading procedures which do not influence the 
decision making. As indicated in figure 3, day-
ahead trading is carried out following the direction 
of the hollow arrow which starts from the 
analytical module and ends with the generation 
schedule. In real time, the price signal control 
algorithm is implemented as a closed loop control, 
aiming at making the real time generation comply 
with the schedule. Communication between DSO 
and the GVPP is maintained if needed. 
Table 1:  Function Selections of the Broker GVPP 
(Mh. = Must have, which formulates the backbone of the 
GVPP system; Nth. = Nice to have, which can improve 
the efficiency of such system; Nr. = Not relevant for this 
case)
Fig.  3. Working flow of the broker GVPP 
6.   CONCLUSIONS 
Building the next generation of frameworks which 
can adopt a large number of DER requires a 
mixture of new technologies and existing 
technologies deployed in an optimal and adaptive 
way. Rather than focusing on an individual VPP 
technology, this paper proposes a GVPP model 
which meets the different requirements of the VPP 
developers via applying a function-based approach 
to designing the VPP. This provides the VPP 
developers with flexibility towards the available 
tools/methods, and adaptability to different 
surroundings. The case study presented in the 
paper offers the readers a more intuitive illustration 
of how to use the GVPP function platform. 
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Abstract— As micro-combined heat and power (micro-CHP) 
systems move towards mass deployment together with other 
kinds of distributed energy resources (DER), an increasing 
emphasis has been placed on how to coordinate such a large 
diversified DER portfolio in an efficient way by the Virtual 
Power Plant (VPP) like aggregators. Compared to the centralized 
direct control scheme, a decentralized control scheme “control-
by-price” is proposed for the VPP operation. The corresponding 
scheme has advantages in scalability, transparency and 
simplicity. In this context, a short term economic analysis is 
conducted for three different micro-CHP systems to investigate 
the feasibility of being controlled by price. Such analysis is 
relevant for both controller designs for micro-CHP systems and 
VPP related operations. The results indicate that controlling the 
micro-CHP systems by price is feasible but could result in jumpy 
responses.  
Index Terms-- control-by-price, Distributed Energy 
Resources, micro-CHP, Virtual Power Plant 
I.  INTRODUCTION
he micro-CHP technology has been identified as a 
significant element in fulfilling the energy efficiency and 
environmental aspirations worldwide, whilst tens of thousands 
of micro-CHP systems have already been successfully 
deployed in Europe in recent years [1]. These micro-CHP 
systems are believed to bring more value-added benefits to the 
power system operation if they can be coordinated under a 
Virtual Power Plant (VPP) like framework [2], which 
represents a flexible portfolio of the distributed energy 
resources (DER), i.e. small scale generators, storage systems 
and responsive loads.  
     One mechanism available for the VPP to coordinate a great 
number of DER on different time-scales is to use a price 
signal, also known as “control-by-price” [3]-[4]. Based on a 
set of hypothesis such as time-invariant quadratic cost 
function for generators, non-declining marginal cost etc., 
controlling the power system with price signal is shown 
feasible. Compared to the centralized direct control, the 
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decentralized control scheme “control-by-price” is more 
suitable for the VPP operations due to its advantages in 
scalability, transparency and simplicity [5]. However, as the 
price responsive characteristics of different types of DER are 
highly dependent on local context and may not fully comply 
with the hypothesis, the fundamental economic analysis for 
the DER is required to study the feasibility of “control-by-
price”. This analysis not only relates to the design of local 
DER controllers but also provides the VPP developers with a 
better understanding of the DER price responsive 
characteristics.   
     In this paper, we investigate the price responsive 
characteristics for three different micro-CHP systems based on 
cost and profit analysis. Reasons for choosing the micro-CHP 
systems for this analysis are due to a) their capability of 
delivering heat and electricity simultaneously making them 
different from conventional generators; b) their higher 
controllability compared to other intermittent DER 
technologies; and c) the existing massive utilization of the 
micro-CHP systems. In section II, the control-by-price 
concept is shortly reviewed. In section III, one possible 
structure of the control-by-price based VPP is proposed.  In 
section IV, the cost and profit analysis for three different 
micro-CHP systems is conducted and analyzed. Section V 
concludes the paper.  
II.  CONTROL BY PRICE
The fuel cost of an independent thermal power plant 
generally accounts for the biggest part of the operation cost 
and is expressed by a quadratic function as in (1), since the 
incremental heat rate (MBtu/kWh) is most often modeled as a 
linear function of the power output (kW) of the unit [6]. The 
start-up cost and shut-down cost are not considered here, 
assuming that the corresponding values are much lower 
compared to the fuel cost.  
fPcPbaC  )( 2 (1) 
Where C  is the operation cost ($/h), P is the net electrical 
output (kW) which holds constant in that hour, f represents 
the fuel price ($/kWh) and cba ,, are normally nonnegative 
coefficients.  
     In general, 0c so that the cost function is convex; 
0b as it represents the fixed term of the incremental heat 
rate; and 0a that captures the no load cost. The marginal 
cost MC ($/kWh) of such thermal power plant, as expressed in 
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2(2), is derived by getting the first derivative of (1).  
fbPc
dP
dCMC  )2( (2) 
In Fig. 1, the marginal cost curve for this power plant is 
drawn. For the given operation limit maxmin PPP  , the 
according marginal cost boundaries can be easily found.   
Fig. 1.  Marginal cost for a thermal power plant 
When a price signal  ($/kWh), which lies between the 
marginal cost limits is sent to the generator by the system 
operator, the generator will operate at *P in order to maximize 
its profit. However, because of the no-load cost, another 
condition to guarantee such positive response is to assure that 
the operation is profitable. Otherwise, the thermal power plant 
will not be started.  
     In light of the above analysis, the power system operator 
can control the power output of this generator by posting 
different price signals. 
III.  PRICE SIGNAL CONTROLLED VPP 
In a VPP, the DER are aggregated in order to break the 
capacity barrier of the electricity market. Via market 
participation, the DER group can either operate in the more 
cost effective ways or provide specific services such as load 
following, load peak shaving, energy balancing and power 
balancing etc. to other entities [7]. As DER are typically in 
range of several to tens of kW, to reach a generation capacity 
level comparable to a conventional power plant requires 
hundreds to thousands of these small-scale units to be 
aggregated by a VPP. For the conventional centralized direct 
control, computation load and communication load is 
inevitably high for the VPP operation system. Alternatively, 
the “control-by-price” concept is more suited to control a 
large number of small-scale units as the computation load is 
distributed to every single DER and the information needed to 
be communicated between VPP and DER in real-time (e.g. 
every 15 minutes) is only the price signal while the metered 
response of the DER can be delivered to the VPP at a much 
lower frequency (e.g. once per day) to perform subsequent 
settlement. Apparently, this implementation considerably 
reduces the potential communication overhead of the two-way 
communication. With respect to providing services with 
different time requirements, the VPP can develop price signals 
at different time-scales (e.g. hourly price, 15-minute price) to 
keep the consistency. The DER owners are thus granted with 
more freedom in choosing the appropriate price schemes that 
best fit their DER characteristics and their comfort 
preferences. Further, the transparency level is also relatively 
high for the DER owners. Being the price takers, they can 
retrieve both the current price and the historical prices which 
support their decision makings. 
In Fig. 2, one possible structure of the price signal 
controlled VPP is presented. The VPP server mainly 
comprises three functional modules: Prediction, Identification 
and Optimization. Once a service request is sent to the VPP, 
the Optimization module, which follows the pre-designed 
optimization algorithm, will decide and deliver a single or a 
series of price signals based upon the predicated information. 
This information include both the predicted local information 
e.g. the local electricity and heat demand of the DER group 
for the upcoming price controlled periods and the approximate 
price responsive characteristic of the DER group. The 
Prediction module and the Identification model are 
responsible for providing the corresponding information 
respectively. The derived price signals will be further 
delivered to the DER group to obtain the desired amount of 
generation. The individual DER i , based on the posted price 
signal and its local demand )(iPd , will thus deliver the 
according generation )(iPgen . As a result, the overall 
generation 	

n
i
gen iP
1
)(  of the VPP with n DER units will be 
delivered to fulfill the requested service. 
Fig. 2.  Structure of a price signal controlled VPP 
Compared to the direct control scheme, the difficulty of 
operating this price signal controlled VPP is much caused by 
the uncertainties of the price responsive characteristic of the 
DER group and the accuracy of the Identification model.  
The price responsive characteristics of different DER 
technologies, which describe how each DER technology 
respond to different price signals, can be classified into three 
categories: cost based response, users’ willingness based 
response and the response of the DER driven by the 
intermittent renewable resources. For DER technologies like 
the small-scale generators which have the specific operation 
costs to be recovered for a given period, their price responsive 
characteristics are dependent on the fuel price, generator 
3efficiency and other factors e.g. start-up/shut-down cost, least-
on/off time etc. In relative terms, the price responsive loads 
e.g. the freezers etc. and the storage technologies e.g. batteries 
for electric vehicles (EVs) etc. are more dependent on the 
users’ willingness of shifting their consumption from a 
relatively high price period to a low price period.  In the third 
category, the DER driven by intermittent renewable resources 
like wind turbines and PVs may response to any price signals 
due to their low operation cost. Still, all DER could have more 
complicated bidding strategies which may affect their price 
responsive characteristics [8].      
To continuously improve the quality of the Identification 
model, the information of the price signal and the metered 
generation of the DER group as well as other necessary 
information such as local demand etc. can be recorded offline, 
as indicated by the dotted arrow lines in Fig. 2, and utilized 
for calibration of the Identification model and Predication 
model.  
IV.  PRICE RESPONSIVENESS OF MICRO-CHP SYSTEMS
     The micro-CHP system, which could be driven by 
diversified prime mover technologies, is able to produce 
electricity and heat simultaneously to meet the local demand.  
As illustrated in Fig. 3, one typical setup of the micro-CHP 
system includes a micro-CHP unit, a thermal storage and an 
auxiliary boiler. For the internal combustion engine (ICE) 
based micro-CHP unit, a synchronous generator is driven by 
an ICE to produce electricity. The useful heat generated by 
this unit is mostly from the heat recovered from the engine 
jacket cooling water and the exhaust gas. The auxiliary boiler 
is often used as an alternative heat source; whilst the thermal 
storage is installed to further increase the flexibility of the 
micro-CHP system. For a grid-connected micro-CHP system, 
the electricity generated in excess could be fed back into the 
grid. When the electricity demand exceeds the local 
generation, electricity could be supplied by the external grid. 
In the case that a micro-CHP system is aggregated by a VPP, 
it is assumed that the generated electricity is sold to the VPP. 
Fig. 3.  Typical setup of micro-CHP system 
Since the ICE based micro-CHP systems, being a mature 
technology, have already been massively deployed in Europe, 
they are the most probable candidates for VPP applications. 
Therefore, in the following part of this section, the price 
responsive characteristics of three different ICE based micro-
CHP systems will be studied. The symbols used to describe 
the related information are given in Table I. 
TABLE I
SYMBOLS USED TO DESCRIBE THE MICRO-CHP SYSTEMS
rP ($/h) Hourly profit 
elC  ($/h) Hourly electricity cost of micro-CHP unit 
elMC ($/kWh) Electricity marginal cost of micro-CHP unit 
thC ($/h) Hourly heat cost 
ngf ($/kWh) Price for natural gas 
df ($/kWh) Price for diesel 
 ($/kWh) Electricity price paid by VPP 
boiler
 Boiler efficiency 
el
 Electrical efficiency of micro-CHP unit 
th
 Thermal efficiency of micro-CHP unit 
elmP (kW) Electrical output of micro-CHP unit 
thmP (kW) Thermal output of micro-CHP unit 
fP (kW) Fuel input of micro-CHP unit 
212121 ,,,,, ccbbaa Coefficients 
A.  4-13kWel ICE-BASED MICRO-CHP SYSTEM 
In Fig. 4, the steady state generation characteristic of the 
ICE-based XRGI13 unit made by EC Power A/S is 
approximated by means of polynomial fitting. The electrical 
operating range for such unit is 4-13kWel, and the sampling 
data is from [9]. Such unit exhibits almost linear relationships 
between elmP  and the other two variables fP and thmP when it 
runs on natural gas. The according linear relationships are 
given in (3) and (4), for which the R-square correlation 
coefficients 2R are both equal to 1.  
Fig. 4.   Generation Characteristic of XRGI13 unit 
11 bPaP elmthm  (3) 
22 bPaP elmf  (4) 
Wherein 
1552,81131 2211  baba ,..,.
Here, heat tank is assumed big enough to accommodate the 
4excessive heat production. Whenever there is a certain heat 
demand, it can be covered by either the micro-CHP unit or the 
boiler. However, since the gas-fired boiler efficiency is 
normally above 75%, which is much higher than the thermal 
efficiency of the micro-CHP unit as shown in Fig. 5, the only 
way to make the micro-CHP production pay off is to sell the 
generated electricity to the VPP at a reasonable price. 
Fig. 5.   Efficiency of XRGI13 unit 
The cost function for the electricity generated by micro-
CHP unit is expressed by (5), wherein the first part represents 
the fuel cost for the micro-CHP unit and the second part 
implies the cost for the boiler to produce the same amount of 
heat.  
ng
boiler
thm
ngfel f
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 (5) 
By getting the first derivative of elC  and replacing fP and 
thmP with (3) and (4), the electricity marginal cost elMC is 
found as expressed in (6). 
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Further, (7) has to be satisfied in order to guarantee the 
profitable generation of the micro-CHP unit. This constraint 
results in a price threshold, as given in (8), below which 
generating electricity by a micro-CHP unit is not profitable.  
0 elCelmPrP  (7) 
)12(
boiler
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ngf
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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As the boiler efficiency boiler
 to a great extent affects the 
price responsive characteristic of the micro-CHP unit, two 
different cases are investigated: boiler
  is 0.85 and boiler
 is 
0.75. The price responsive characteristics of the micro-CHP 
unit for these two cases are illustrated in Fig. 6 and Fig. 7 
respectively. In both cases, elMC , represented by the blue 
curve, is constant and its value decreases as boiler
  decreases. 
In terms of the profitable price curve, represented by the red 
curve, it indicates the price threshold for the corresponding 
generation level. Below this threshold, start and operate the 
micro-CHP unit is non-profitable. For the first case 
where 85.0boiler
 , the profitable price threshold declines as 
the elmP increases, implying that the micro-CHP unit will only 
start when the electricity price is above 1.056fng and work at 
its maximum electrical output 13kWel. For the second case 
when 75.0boiler
 , the minimum profitable price is 0.5875fng
which is lower than the according elMC . This implies that for a 
given electricity price 0.5875fng   0.77fng, the micro-
CHP unit will work at its minimum output 4kWel. Once 
 0.77fng, the micro-CHP unit will work its maximum 
electrical output 13kWel.  In both cases, the scarce heat will be 
covered by the boiler while the excess heat production will be 
stored in the heat tank. As a result, the price signal can only 
partly control the electrical production of this micro-CHP 
system. 
Fig. 6.   Price responsive characteristic of XRGI13 unit when boiler=0.85
Fig. 7.   Price responsive characteristic of XRGI13 unit when boiler=0.75
B.  1-9kWel ICE-BASED MICRO-CHP SYSTEM 
In this section, the steady state generation characteristic of 
another 1-9kWel ICE-based micro-CHP unit is simulated based 
on the sampling data given in [10]. This unit runs on diesel 
and the relationships between elmP  and the other two variables 
fP and thmP can be well represented by quadratic functions, 
which are listed in (9) and (10). 2R are also equal to 1 for both 
functions. The modulating range of its electrical output is 1- 
9kWel.
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Fig. 7.   Generation Characteristic of the 1-9kWel micro-CHP unit 
Following the calculation procedures presented in case A, 
the electricity cost can be found as described by (11). 
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Accordingly, the electricity marginal cost and profit 
threshold of this micro-CHP unit are derived and given in (12) 
and (13) respectively.   
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Further, after assigning the diesel price 
ngd ff 5.1  and the 
boiler efficiency 85.0boiler
 , the price responsive 
characteristic of this unit is found and given in Fig. 8.  
Fig. 8.  Price responsive characteristic of the 1-9kWel micro-CHP unit when 
ngd ff 5.1
It can be seen that for this micro-CHP unit, elMC rises 
as elmP increases. Still, the micro-CHP units will not start until 
the price is above the minimum profitable value 2.209fng. As 
long as the price is above this value, the micro-CHP will work 
at its maximum electrical output. 
By adjusting 
ngd ff   and holding 85.0boiler
 , another 
interesting case is presented in Fig. 9. As the diesel price is 
much lower compared to the previous case, the profitable 
price threshold is much lowered. Meanwhile, the lowered 
diesel price results in the declining marginal cost curve of the 
micro-CHP unit due to the much lowered heat cost of the 
micro-CHP. Further, only if the electricity price is higher than 
0.9851fng, the micro-CHP will start and work at its maximum 
output.  
Fig. 9.  Price responsive characteristic of the 1-9kWel micro-CHP unit when 
ngd ff 
C.  Modified ICE-BASED MICRO-CHP SYSTEM 
Although the electrical outputs of micro-CHP systems 
studied in case A and cases B are able to be modulated with 
direct control, the price signal control can hardly regulate their 
electrical outputs like what has been illustrated in section II. 
This is due to the formulation of marginal cost function and 
the profitable price threshold. These two factors are highly 
dependent on the inherent characteristics of the micro-CHP 
systems and the local contexts, such as the ambient 
temperature and altitude, coolant temperatures etc. which 
directly affects the combustion efficiency and the amount of 
recovered heat. In order to illustrate the possibility of using 
price signal to precisely regulate the electricity output of the 
micro-CHP unit, the generation characteristic of the 1-9kWel 
micro-CHP unit studied in Case B is re-simulated. In this case, 
the relationship between thmP  and elmP  is represented by a 
linear function as show in (14) and 2R is now 0.9893, while 
the relationship between fP  and   elmP remains the same as 
(10).  
Fig. 10. Generation characteristic of the resimulated1-9kWel micro-CHP unit 
611 bPaP elmthm  (14) 
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Following the previous procedures, and also assume 
ngd ff  as well as 85.0boiler
 , the price responsive 
characteristic of the simulated 1-9kWel micro-CHP unit can be 
drawn in Fig. 11. The minimum value of the profitable price is 
1.019fng corresponding to elmP of 6.2kW. Because elMC in this 
case rises linearly with increasing  elmP , for each price signal 
lying between 1.019fng  and 1.456fng  the electrical production 
of the micro-CHP system will then exactly follow the 
corresponding elmP  found from elMC curve in order to 
maximize its profit. Once  is greater than the maximum 
value of elMC , which is 1.456fng , the micro-CHP will work 
at its maximum generation. In all, by sending appropriate 
price signals, the VPP can precisely regulate the electrical 
generation of this micro-CHP from 6.2kWel to 9kWel. 
Fig. 11.  Price responsive characteristic of the re-simulated 1-9kWel micro-
CHP unit when 
ngd ff 
V.  CONCLUSION 
The future power system will evolve into a more 
decentralized system, where a great number of DER will be 
deployed to complement or even replace the conventional 
central controlled power plants. One possible way to handle 
the complexity of managing such a huge diversified 
generation portfolio could be using a VPP framework with the 
so-called “control-by-price” operation scheme.  In this paper, 
one possible structure of the price signal controlled VPP is 
proposed. This semi-open loop controlled VPP has its 
advantages in scalability, transparency and simplicity. If the 
computation or communication overhead is not the primary 
concern, the proposed price signal controlled structure can be 
easily adjusted into a real time closed loop control, which may 
lead to more accurate and steady operation. 
To better design and operate the price signal controlled 
VPP, the price responsive characteristics of different DER 
should be well studied based on the very basic cost and 
benefit analysis. Thus in this paper, the price responsive 
characteristics of three different ICE based micro-CHP 
systems are investigated. For the first two systems, the 
electrical output of the micro-CHP systems is very jumpy 
when the price signal control is applied. This can be more 
erratic when there are only a few micro-CHP systems being 
aggregated and a specific amount of power is required. For the 
third case, the electrical output of the corresponding micro-
CHP system is able to track the price change in a certain 
range, providing a much better performance. Particularly, it 
can be easily found that different micro-CHP systems exhibit 
very different price responsive characteristics due to their 
inherent features and local conditions. Thus it would be 
possible for the VPP to provide services with relative stable 
electricity generation when a great number of diversified DER 
are aggregated and price controlled. 
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Abstract—This paper develops a generic optimization model that 
explores the difficulty met by Electric Energy Storage (EES) 
systems when economic dispatch for multiple-service provision is 
requested. Such a model is further used to investigate the 
economic performance of an EES system which meets the 10-
minute balancing requirement and hourly load shifting 
opportunities in the Western Electricity Coordinating Council 
(WECC) area for a 2030 load scenario. Piecewise linear equations 
are used to represent the cost function of varying load. The 
results show that when EES is economically dispatched, to 
achieve multiple value streams could result in more saving than 
to provide single service. 
Keywords-Eelectric Energy Storage; economic dispatch;multi-
service 
I.  INTRODUCTION 
By converting electric energy into other forms, such as 
chemical, kinetic of potential energy, the electricity can be 
stored and drawn upon at a later time to perform useful 
operation. Based on these principles, advanced electric energy 
storage (EES) technologies are emerging as a potential resource 
to support the integration of intermittent Renewable Energy 
Resources (RES) and to provide cost-effective and reliable grid 
operation.  
Pumped Hydro Storage (PHS) is the most widespread 
utility-scale EES with good performance characteristics (good 
roundtrip efficiency 55%-85%, low operation cost around 
10000 €/MW/year and long life-time about 50 years) in use 
today. The response time of PHS is on a one minute scale if the 
turbine is standing still and 10 second if the turbine is initially 
spinning- allows PHS plants to deliver multiple services such 
as peak shaving, load leveling, load following, spinning reserve 
and more [1]. Another utility-scale EES technology that is 
currently available is the Compressed Air Energy Storage 
(CAES). In such a storage system, excess electricity is 
converted to compressed air and stored in a reservoir. In the 
mode of discharging, the air is released, heated via combustion 
together with fuel and is finally passed through a turbine. One 
example of CAES is a 290MW/3h plant in Huntorf, Germany. 
Among other services, the Huntorf CAES has also been used to 
balance wind power generation [2]. Unlike PHS and CAES 
with typical capacity above tens of MW, other EES 
technologies such as Batteries, Supper Magnetic Energy 
Storage (SMES), Hydrogen Fuel Cell Storage System (HFCSS) 
and Flywheels may be sized from several kW to hundreds of 
MW, which makes such technologies available for both utilities 
and their customers [3]. For small-scale EES applications like 
Electric Vehicles (EV), the EV owners only contributed to 
eliminate CO2 emissions when driving but also may benefit 
from the volatility of electricity prices by charging smartly. If 
numerous small-scale EES can be further efficiently aggregated 
into a Virtual Power Plant (VPP) like framework [4], providing 
value-added services to grid operation may be envisioned.  
Many previous studies have presented optimal operation 
schemes for EES in hybrid applications, such as wind power 
with EES [5-6] and PV with battery [7] ect, in order to smooth 
out the intermittent nature of some RES. In [8-9], optimal 
generation schedules are developed for EES to provide specific 
services like load leveling and peak shaving. However, as the 
EES is able to perform multiple grid services at the same time, 
there is a need to develop efficient dispatch strategies which 
consider multi-service provision. Such strategies should run the 
EES at the maximum profit to reliably provide various services, 
recognizing the operational limits of the EES and services’ 
requirements e.g. cycle time limit and capacity limit as well as 
the associated value for every service. This paper presents a 
generic deterministic optimization model of the EES that deals 
with this challenge. Main outputs of this model is an optimal 
operational plan for the EES charging/discharging as functions 
of every service requirements. When a long term study is 
carried out, the resulted economic performance of the EES is 
also useful to evaluate the outcome of different service 
combinations.  
The paper is organized as follows: in Section II, the 
problem of economic dispatch of the EES with multi-service 
provision is formulated. In Section III, this model is used to 
investigate the economic performance of an EES system which 
meets the 10-minute balancing requirement and hourly load 
shifting opportunities in the Western Electricity Coordinating 
Council (WECC) area for a 2030 load scenario. A comparison 
is done between the economic benefits of providing the 
combined service versus a mere load shifting. Section IV 
concludes the paper.  
II. MODELING THE EES SYSTEM 
Generally speaking, the EES is a memory device and it 
becomes economical when marginal cost of electricity varies 
more than the accumulated costs of storing and retrieving, 
This work was supported by the Technical University of Denmark (DTU) 
and collaborative partner: Pacific Northwest National Laboratory (PNNL).  
                                      
 
including the energy lost in the process. From the system 
operator point of view, the aim of using EES in power system 
operation is to reduce the societal cost while meeting the 
system requirements. In other words, the profit, which can be 
represented by the cost difference between operating a power 
system without the EES and with the EES, has to be 
maximized. When multi-service provision is at request, the 
profit is the sum of the profit resulted from providing each 
service by the EES. This problem can be formulated as an 
optimization problem. 
Assuming EES provides N types of services 
simultaneously, and it with Ni ...1 represents the time cycle 
for service i , which may vary from seconds to days. In order 
to synchronize the time clock for different services, 't  is used 
to denote the greatest common divider of it . For instance, if 
EES provides hourly load shifting and 10-minute balancing 
service at the same time, 't is found as 10 minutes. For all time 
steps Tt ...1,0' , the EES must meet power balance and 
energy balance which are modeled by (1) and (2) respectively.  
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In (1), variable )'(tP  states the aggregated power 
charged/discharged by the EES at time step 't , and )'(tPi  
describes power provided by the EES to meet the individual 
power requirement of service i  at that particular moment. 
Positive values of )'(tPi represent the EES being charged to 
meet the requirement of service i  and negative values indicate 
the EES being discharged. However, the symbol of 
)'(tP determines the final charging/discharging status of the 
EES. In (2), the non-negative variable )'(tE represents the 
energy stored by EES at the beginning of time step 't and 
t states the length of 't . The variable 
 , as indicated in (3), 
represents the function of charging/discharging efficiency 
c and d . When 0't , )0(E therefore represents the initial 
energy stored by the EES. )( tl  represents the internal energy 
loss during energy storing over t . For different EES 
technologies, function )( tl  may vary quite a lot. EES 
technologies like underground pumped hydro systems display 
very low loss, since they are designed to be isolated from the 
outside. In opposite pumped hydro systems with its unsheltered 
reservoirs and extreme weather conditions may display a high 
internal loss. However, if the cycle time for the requested 
power system service is relatively short, the internal energy 
loss for advanced EES technologies will be relatively low and 
thus can be ignored. 
The other constraints for modeling an EES include the 
power capacity limit and energy capacity limit which appears 
following in (4)-(6). 
   0 if    )'( max  P(t') PtP c  (4) 
 0 if  |)'(| max  P(t') PtP d  (5) 
maxmin )'( EtEE   (6) 
where maxcP , maxdP , minE and maxE  represent the maximum 
power capacities for the EES charging and discharging and the 
minimum and maximum energy storage level respectively. 
As mentioned before, the objective function is to maximize 
the profit of using EES to provide requested services over a 
certain time period. This function is expressed as  
(7) 
where )',( tiCostees is the cost for providing the requested 
service i  during time period 't  using a power system with the 
EES and )',( tiCost eesnon represents the corresponding cost for 
providing requested services using resources in the original 
power system.  As the cost for providing different services are 
always valued in different ways, such as capacity pricing, 
energy pricing and so forth, the objective function may vary 
from case to case. Depending on how the cost function of each 
service provision is formulated, the EES model could be either 
linear or non-linear which results in different degree of 
complexities and accuracies of solving this optimization 
problem.  
III. CASE STUDY 
In this case study, the aforementioned optimization model 
is applied to investigate the economic performance of an EES 
system which meets the 10-minute balancing requirement and 
hourly load shifting opportunities in the Western Electricity 
Coordinating Council (WECC) area for a 2030 load scenario. 
The WECC region covers 1.8 million square miles, all or part 
of 14 states, two Canadian provinces and a portion of Mexico. 
The 2030 load scenario of the WECC region predicated by 
Pacific Northwest National Laboratory (PNNL) has a peak load 
of approximately 190GW and the values of 10-minutes 
balancing signals between ±15GW introduced by the future 
increase of wind power penetration. The EES system, which 
represents an aggregation of all kinds of EES like facilities 
deployed in the WECC region, is assumed to be with an energy 
capacity of 30 GWh and a power capacity of 15GW for both 
charging and discharging in order to meet the required services. 
Further, a series of assumptions for the 2030 scenario are made 
as following:  
a). The EES is the only balancing resource in this system 
therefore it has to exactly meet the 10-minute 
balancing requirement. 
b). The power of the EES charged/discharged for load 
shifting is constant on an hourly basis. 
c). The power of the EES charged/discharged for 10-
minute balancing holds constant within every 10 
minutes. 
d). Balancing signals are not affected by the change of 
load profile. The up balancing signals that indicate 
                                      
 
generation deficit are assumed to be positive; while the 
down balancing signals that indicate the generation 
surplus are assumed to be negative. 
e). The EES system is lossless. 
f). Hourly Locational Marginal Price (LMP) is used to 
calculate the system cost of load serving.  
g). Hourly LMP is assumed to be a piecewise linear 
function of hourly load. 
h). The balancing cost is calculated as the amount of 
energy used for balancing multiplying the balancing 
price. The balancing price is assumed to be 40$/MW-
hr constantly for both up and down balancing 
requirement during 2030. 
A. Problem Reformulation 
1) Constraints 
Based on Based on assumptions (a)-(d), the power balance 
of the EES could be easily established for every 10 minutes 
( t ) consecutively as shown in (8)-(10).  In (8), variables 
)'(tPload  and )'(tPbalancing  represents the power 
charged/discharged by the EES for shifting load and meeting 
balancing requirement respectively at time step 't . In (9), at 
time step 't , the original system load )'(tPD eesnon  is changed 
into )'(tPDees when the EES gets involved to perform load 
shifting. Equation (10) follows assumption (a), ensuring the up 
and down balancing signals )'(tPBup (positive) and 
)'(tPBdown (negative) are always met by discharging/charging 
EES.  
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In terms of the energy balance of the EES as shown in (2), 
efficiencies for both charging and discharging become 100% 
under assumption (e); meanwhile the internal loss function 
)( tl   is neglected.  Parameter values that constrain the power 
capacity and energy capacity of such EES are given in Table I. 
TABLE I. LIST OF PARAMETER  VALUES FOR THE EES SYSTEM 
maxcP  15GW minE  0 
maxdP  15GW maxE  30GWh 
 
As the EES is the only balancing resource in this model, the 
initial energy stored in EES is assumed to be 10 GWh for every 
optimization cycle in order to make sure the EES has enough 
energy to provide up-regulation services.  
2) Objective Function 
In this case study the cost functions expressed in (7) are 
comprised of two parts since the EES provides load shifting 
service and 10-minute balancing service together. While the 
costs for these two services have different formulations, it is 
explained separately in the following two sections 2-a and 2-b.  
2-a)  Cost of Meeting the Load 
Generally the cost of meeting a certain load profile by a 
specific generation technology is dependent on the associated 
cost function. As WECC is an area containing various 
generation technologies, assumptions (f) are made to simplify 
this problem. This results in (11), which reflects the cost of 
meeting the hourly load profile.  
)'()'()'( tLMPtEDtCostload   (11) 
where )'(tED represents the load at time step 't  measured in  
MWh  and  )'(tLMP states a rate per MWh for that particular 
time step. Because )'(tED changes when the EES performs 
load shifting as given in (9), a relationship between LMP and 
load has to be found to assess how much the LMP is affected 
by the involvement of EES. However, since LMP is 
theoretically calculated based on the system wide information 
rather than a single generation/load profile within that area, a 
loose coupling between the hourly LMP and load can only be 
found when the studied areas have adequate generation 
resources and play roles as energy exporters.  
Figure 1. Representing the relationship between LMP and load for WECC 
with piecewise linear functions 
As shown in Fig.1, the hourly LMP versus the hourly load 
profile predicted for WECC 2030 is indicted by the blue open 
dots. Such prediction is done by PNNL using PROMOD [10], 
a- state-of the-art production cost model based on extensive 
information of WECC. When the hourly load is between 
90GWh and 185GWh the LMP increases gradually with 
increase of load. Once the hourly load exceeds 185GWh, the 
associated LMP increases more steeply. In order to reduce the 
complexity, this trend is modeled by a piecewise linear 
function given as the red line in Fig.1, using a smooth curve 
fitting. And the LMP is therefore only load dependent. The 
piecewise linear function representing this relationship is given 
in (12).  
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The cost of the system for meeting the load at 't  before and 
after including the EES is given in (13) and (14) wherein the 
energy consumption )'(tED  is calculated as the product of the 
power consumption in each case and the time length t  with 
the unit of hour.    
60
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2-b) Cost of balancing service 
The cost of providing balancing services at 't   is expressed 
in (15), wherein  )'(tPBbalancing states the balancing price in the 
unit of $/MW-hr.  Given assumption (h),  )'(tPBbalancing  remains 
40$/MW-hr for both up and down balancing services. When an 
EES is assumed to fully provide such 10-minute balancing 
service, the saving is equal to the cost when variable cost is the 
only concern.  
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2-c) Overall saving 
For all time-steps Tt ...1,0' , the overall saving is 
expressed in (16). The objective function is thus to maximize 
the overall saving. Because the hourly LMP is modeled as 
piecewise linear equations, (16) turns into a non-linear function 
The Matlab nonlinear optimization tool box [11] is used in this 
paper to find the optimal solutions for this problem.  
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B. Case Studies and Analysis 
The reformulated economic dispatch model is applied to 
investigate the economic performance of the simulated EES in 
both intraday analysis and annual analysis. In the Intraday 
analysis, the EES performances on two specific days of 2030: 
1st of January and 14th of August are studied separately. The 
initial energy stored in the EES in both cases is assumed to be 
10GWh in order to tackle the balancing requirement in the 
beginning of the day. The costs for the initial energy stored in 
EES in both cases are assumed to be 1.2 million $, provided the 
LMP equals 120$/MWh. Following that, annual economic 
performance of using EES to provide the referred two services  
is evaluated and further compared with the same EES 
providing load shifting service only.  
1) Case 1 - 1st of January 
 
In Fig. 2, 10-minutes balancing signals are shown in the 
solid blue line. While in most time of the day, the balancing 
signals are up signals which require the EES to operate in 
discharging mode. 
 
Figure 2. 10-minute balancing requirements of WECC on 1st of January 
In Fig.3 the load profile versus hourly LMP of WECC on 
1st of January is depicted. The peak load of the day given in the 
solid blue line takes place at 7pm priced by the highest value of 
LMP as shown in the dotted blue line. When the EES gets to 
perform load shifting, it can be found that the new load curve 
as given the red solid line has a lower peak value and a larger 
bottom value than the original load curve. By cutting the peak 
load, the cost of peak load hour is accordingly reduced as given 
in the red dotted line.  
 
Figure 3. Load profile versus hourly LMP of WECC on 1st of January  
The energy storage level and the power flow of the EES are 
depicted in Fig. 4. It can be found that the battery is first 
charged since the early morning balancing requirements are 
down signals and the energy cost LMP is relatively low. After 
the 100th 10 minutes, the EES mainly discharges. This is due 
to the high up balancing signal coming at that moment and the 
preparation for the later action of peak load shaving. When the 
peak load moment arrives, the power discharged by EES is 
much reduced as curtailing the load requires the EES to be 
charged. However, due to the relatively high up balancing 
requirements, the EES still works in discharging mode in most 
of the time till the end of the day. 
                                      
 
 
Figure 4. Energy storage level and power flow of the EES on 1st of January 
The economic performance of the EES on 1st of January is 
given in Table II. It is found that the system cost is actually 
increased when having the EES to provide load shifting and 
balancing services. This is because on that day, the balancing 
signals are always up signals which require the EES to 
discharge. Even though there is energy initially stored in the 
EES, the EES still have to buy energy through load shifting 
service to meet the continuous up balancing requirements.  
TABLE II. ECONOMIC PERFORMANCE OF EES ON 1ST OF JANUARY 
  System(non-EES) System (EES) 
Load Cost ($ 1M) 420 437+1.2 
Balancing Cost ($ 1M) 3.2 0 
Total Cost ($ 1M) 423.2 438.2 
 
2) Case 2 - 14th of August 
 
In Fig. 5, 10-minutes balancing signals are shown in the 
solid blue line. Compare to the balancing signals on 1st of 
January, the signals on 14th of August are not always up 
signals.   
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Figure 5. 10-minute balancing requirements of WECC on 14th of August 
The load profile versus hourly LMP of WECC on 14th of 
August is given in Fig. 6. The peak load of the original load 
profile of the system without EES occurs at 5pm. As the peak 
load is larger than 185GW, the LMP for 5PM given in the blue 
dotted line is much higher than usual. The involvement of the 
EES successfully cut the peak load into a smaller value, 
resulting in a much lower LMP value for 5pm. 
 
Figure 6. Load profile versus hourly LMP of WECC on 14th of August 
The energy storage level and the power flow of the EES on 
14th of August are depicted in Fig. 7. It is seen that the EES is 
first charged in the morning and then starts discharging when 
the peak load arrives. In the end of the day, the EES is 
completely empty in order to maximize the usage of its stored 
energy.    
 
Figure 7.   Energy storage level and power flow of the EES on 14th of August   
In Table III, the comparison of total cost between the 
system with EES and without EES is given. Since the 
balancing signal requires the EES to charge and discharge 
almost evenly, the EES does not need to buy more energy 
when it provides load shifting services. Further, the reduction 
of peak load results in a relatively low value of LMP, which in 
turn brings in some benefits.  Due to such reasons, the total cost 
is reduced from 667.3million $ down to 639.2 million $.  
TABLE III. ECONOMIC PERFORMANCE OF EES ON 14TH OF AUGUST 
  System(non-EES) System (EES) 
Load Cost ($ 1M) 665 638+1.2 
Balancing Cost ($ 1M) 2.3 0 
Total Cost ($ 1M) 667.3 639.2 
Saving ($ 1M) 29.3 
                                      
 
3) Case 3 - Annual Economics of WECC system when the 
EES provides two services 
 
Regarding the annual study, the optimization program for 
dispatching the EES is done on daily base due to the limited 
calculating resource. At the end of every day, the energy left 
in the EES is further assumed to be equal to the initial energy 
storage level 10GWh in order to guarantee there is enough 
power to meet continuous up balancing signals. The daily 
optimal dispatch is repeated for the whole year 2030. The 
annual cost performance is given in Fig. 8. The original cost 
for load serving and meeting balancing requirements are 
calculated for every month and depicted in blue bars and green 
bars, while the cost for meeting the load when the system 
includes EES is depicted by the red bars.  Compared with the 
cost for meeting the hourly load, the balancing cost represents 
a small fraction of the original total cost. A summary of the 
annual cost for system with and without the EES is given in 
Table IV showing that the total savings by economically 
dispatch the EES for multi-service provision can yield 2570.46 
million $ in 2030.  
 
Figure 8. Annual cost performance for WECC system with the EES provides 
both load shifting and 10-minute balancing services for the year 2030 
TABLE IV. ANNUAL ECONOMIC PERFORMANCE OF EES  
  System(non-EES) System (EES) 
Load Cost ($ 1M) 147058.83 145394.2 
Balancing Cost ($ 1M) 905.83 0 
Total Cost ($ 1M) 147964.66 145394.2 
Saving ($ 1M) 2570.46 
 
4) Case 4 - Annual Economics of WECC system when the 
EES provides only load shifting 
 
When the EES only provides load shifting service, it has 
more flexibility on changing the original load profile. One 
example showing such difference on 1st of January is given in 
Fig. 9. Same as in Fig. 3, the peak load of the original load 
profile depicted in blue is reduced when the EES provides both 
load shifting and 10-minute balancing services. In the case that 
the EES provides only load shifting, the peak load is reduced to 
an even lower value depicted by the green line. Energy 
consumption during the day is also reduced, as the EES is not 
needed to be charged to provide additional energy for up 
balancing purpose. The cost for meeting the updated load 
profile when the EES helps to shift the load is 414 million $. 
By adding the balancing cost onto it, the total system cost for 
1st of January is 417.2 million $.  Compared with the total 
costs under both cases given in Table II, using EES to provide 
load shifting only apparently yields more saving than to 
provide both load shifting and 10-minute balancing services.  
 
Figure 9. Comparison of load shifting capability of the EES between the 
system with multi-service provision and single service provision 
Same annual economics calculation procedure carried out 
in Case 3 is applied to investigating the annual economics for 
the system using the EES to provide load shifting service only, 
and the annual cost for meeting the hourly load is found as 
145079.66 million $.  Although this is less than the load cost 
given in the third column of Table IV, due to the additional 
balancing cost, the overall saving for this case is in fact less 
than the case when the EES is used to provide multi-services. 
In other words, using the assumed EES to provide both load 
shifting and balancing services for the 2030 WECC load 
scenario is more profitable than to provide either of the two 
required services. 
IV. CONCLUSION 
This paper has presented a generic optimization model that 
explores the difficulty met by Electric Energy Storage (EES) 
systems when economic dispatch for multiple-service 
provision is at request. When such model is applied to solving 
the economic dispatch problem of using EES to provide both 
load shifting and 10-minute balancing services for one 2030 
load scenario of WECC, the methodology takes into account 
the dynamics of the cost function which is represented by a 
nonlinear function of hourly load. Economic performance for 
the according energy system has been studied and analyzed.  
Results shows using the EES to provide load shifting and 10-
minute balancing service results in significant saving for the 
system operation. Although the economics of such study are 
very case sensitive, the method presented in this paper may be 
                                      
 
useful to evaluate the economics of EES and to optimally size 
the EES when specific power system information and service 
requirements are already defined.  
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